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Remembering 
Mohammed Imbabi 
 
 
 
 
We mark the loss of a friend and colleague, Dr Mohammed Imbabi, who sadly passed 
away at his home in Aberdeen on August 10, 2019.  Mohammed was born in 
Khartoum, Sudan on February 28, 1955. He studied civil engineering at the 
University of Khartoum and attained his Bachelors degree in 1978.  He was the 
convenor of our 2015 CCS conference in Aberdeen and an accomplished researcher 
in the field of cement science. An active committee member and Fellow of the 
Institute, Mohammed led work of carbon capture from the cement industry and will 
be greatly missed. 
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39th Cement and concrete Science Conference 
9th-10th September 2019 
 
Welcome to the University of Bath 
 
On behalf of the conference organising committee, I warmly welcome the delegates and 
speakers to the 39th annual Cement and Concrete Science Conference.  The conference is 
hosted by the BRE Centre for Innovative Structural Materials, Department of Architecture 
and Civil Engineering at the University of Bath and organised by the Cementitious Materials 
special interest group of the Institute of Materials, Minerals and Mining. 
The Cement and Concrete Science Conference series is an annual event that aims to bring 
together academic and industrial partners with an interest in the development of cement and 
concrete research.  In recent years the conference has been held at Imperial College, 
London (2011), Queen’s University Belfast (2012), University of Portsmouth (2013), 
University of Sheffield (2014), University of Aberdeen (2015), The Royal College of Music 
and Drama, Cardiff (2016), University College London (2017) and Coventry University 
(2018).  It provides an important opportunity for researcher groups to share their findings, 
form partnerships and identify future research directions. 
This year the programme includes 2 keynote lectures, 48 oral presentations and 11 poster 
presentations. 
The conference series is to encourage and promote participation of student researchers, 
providing an opportunity to present their work and network with other researchers and 
industrialists.  This year we are delighted to welcome a truly international cohort of 
researchers and to congratulate all for the high quality of the submissions. 
Finally we would like to thank all who have contributed to the conference and in particular 
the companies and organisations who have generously provided sponsorship. 
We hope you enjoy your time in Bath. 
 
Richard Ball, Convenor 39CCS, on behalf of the conference committee. 
 
We hope to see everyone at the University of Sheffield in 2020. 
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University of Bath 
 
Fabrication of new geopolymer binder from demolition waste 
and ignimbrite slits for application in the construction industry 
 
D.L. Mayta-Ponce, P. Soto-Cruz and F.A. Huamán-Mamani 
Grupo de Investigación en Ciencia y Tecnología de Materiales-CITEM, Universidad Católica San Pablo, 
Arequipa, Perú. 
 
 
ABSTRACT 
 
Geopolymeric mortars with volumetric fractions of 0.6:1:0.3 for a binder powder, fine sand and sodium 
hydroxide solution (12M), respectively; have been fabricated by mixing the solid materials and the subsequent 
addition of sodium hydroxide solution 12M to form a workable paste, to later be cured for 28 days at room 
temperature. The microstructures of the fabricated materials reveal the existence of two phases with notable 
difference, one continuous to the geopolymer binder phase and another discontinuous of fine sand particles 
agglutinated by the binder phase. Mechanical compression tests are performed at a constant compression 
rate of 0.05 mm/min and at temperatures ranged from room temperature to 500°C. The mechanical results are 
ranged from 19 and 69 MPa for all the materials studied. On the other hand, there was an increase in 
mechanical resistance up to test temperatures of 200°C and the progressive reduction of resistance at 
temperatures above 200°C, with a fragile-ductile transition zone between 400 and 500°C and completely 
ductile behavior from test temperatures of 500°C. 
 
1. INTRODUCTION 
 
In recent years, construction in Peru has had 
significant growth, which has generated a greater 
demand for construction materials. Traditional 
building materials such as Portland cement (PC) 
and clay bricks need a large amount of raw material 
to be fabricated. The PC, for example, plays a 
leading role in construction, because it is the main 
ingredient of mortars and concrete, however, the 
production of PC requires large amounts of raw 
material and generates a significant amount of CO2. 
It has been reported that 1.5 T of raw material is 
required to produce 1 T of PC and 0.9 T of CO2 is 
released into the atmosphere [1,2]. The knowledge 
of the harmful effects of global warming on our 
planet and a greater environmental awareness has 
allowed us to promote the search for alternative 
environmentally friendly construction materials [3], 
and geopolymeric materials are a very promising 
Eco-friendly alternative [4]. 
 
Repairs and/or infrastructure improvements 
generate a huge amount of concrete waste, mortar 
and clay bricks (construction and demolition waste - 
C&D), in addition to the difficulty of finding a suitable 
place for the disposal of C&D. There are several 
works based on the recycling of C&D, but most of 
them focus on its use as an aggregate of new 
mortars and concrete for non-structural applications 
[5-7]. The difference between using recycled C&D 
aggregate and natural aggregate is that the first one 
has greater water absorption, abrasion loss and 
crushing capacity, but lower bulk density, the use of 
C&D recycled aggregate in the fabrication of new 
concrete and mortars generally leads to materials 
with lower resistance and durability, therefore, the 
use of recycled aggregate is quite limited. Other 
researchers have tried to re-clinker the cement 
coming from the C&Ds to obtain a new cement, this 
process includes stages of separation of the cement 
and the aggregates, and re-clinkering that 
consumes a large amount of energy and, therefore, 
generated large amounts greenhouse gases [8,9] 
 
On the other hand, the city of Arequipa is knowing 
as the white city, because its heritage buildings were 
made using a rock known as “SILLAR” (ignimbrite). 
The ignimbrite is an igneous rock produced by the 
sudden cooling of magma, composed mainly of 
rhyolite, andesite and dacite, currently it is used as 
a construction material because it can be easily 
extracted from quarries [10]. However, the 
uncontrolled exploitation of this material has 
generated the accumulation of large amounts of 
dust and slits in the quarries, limiting the 
consolidation of important tourism projects. 
 
 
2. EXPERIMENTAL PROCEDURE 
 
Geopolymeric mortars were prepared from four 
types of raw materials: ignimbrite, demolition 
mortar, calcined clay and commercial fine sand. The 
ignimbrite was collected from the area called 
“Quebrada de Añashuayco” (Arequipa-Peru), while 
the demolition mortar and calcined clay were 
obtained from a demolition zone near the city of 
Arequipa. The four types of raw materials were 
ground and sieved by ASTM No. 140 mesh (mesh 
2 
 
size of 106 microns). In parallel, a solution of sodium 
hydroxide with 12 molar concentration was 
prepared. 
 
The actual density, particle size distribution, 
crystalline phases and microstructures of the raw 
materials were determined by helium pycnometry, 
laser diffraction granulometry, X-ray diffraction and 
scanning electron microscopy, respectively, 
performed at the Centro de Investigación, 
Tecnología e Innovación of the Universidad de 
Sevilla - CITIUS (Spain). 
 
For the preparation of geopolymeric mortars, 
volumetric fractions in 0.6:1:0.3 ratio of raw material 
(ignimbrite, demolition mortar or calcined clay), fine 
sand and 12M sodium hydroxide solution were 
measured separately. The powder materials (binder 
powder and fine sand) were dry mixed for 10 
minutes and then the sodium hydroxide solution 
was added and mixed for an additional 10 minutes. 
Workable pastes were obtained which were 
pressed uniaxially for 5 minutes in a cylindrical mold 
of 20 mm diameter and then were dried, first, 
hermetically for 48 hours and then at room 
temperature for 28 days. 
 
Prismatic samples of 5x5x10 mm were cut from dry 
geopolymeric cylinders for mechanical testing. 
Uniaxial compression tests were carried out at 
different temperatures, from room temperature to 
500°C in air and at a constant compression rate of 
0.05 mm/min, corresponding to an initial 
deformation rate of 8 x 10-5. The data obtained of 
strength and position were analyzed in stress vs. 
strain curves. 
 
3. RESULTS AND DISCUSSION 
 
Table 1 shows the real density data obtained for the 
four types of raw materials, which were used to 
calculate the mass fractions of the mixtures 
prepared in this research. 
 
Table 1. Determination of the real density of the starting 
materials. 
 
Figure 1 shows the distribution of particle sizes for 
the four types of starting materials, where the 
average particle size values for the ignimbrite, 
calcined clay, demolition mortar and fine sand are: 
61, 68, 64 and 83 microns, respectively. 
 
Figure1. Particle size distribution for raw material powders. 
 
On the other hand, Figure 2 shows the typical 
microstructure of fabricated geopolymeric mortars, 
which consists of a continuous phase of 
geopolymeric binder in dark contrast and a 
discontinuous phase of fine sand particles in gray 
contrast. 
 
 
Figure 2. Typical micrograph of a geopolymeric mortar sample 
obtained from ignimbrite powder. 
 
From the X-ray diffraction spectra, the presence of 
various crystalline powder phases of the raw 
materials could be identified 
 
 Ignimbrite: Albite (NaAlSi3O8), Muscovite 
(KAl3Si3O10(OH)2), Cristobalite (SiO2) and 
Microcline (KAlSi3O8) 
 Demolition mortar: Quartz (SiO2), Albite 
(NaAlSi3O8), Muscovite (KAl3Si3O10(OH)2), 
Cristobalite (SiO2), Actinolite 
(Ca2(Mg,Fe2+)5Si8O22(OH)2), Anorthite 
(CaAl2Si2O8), Portlandite (Ca(OH)2), Calcite 
(Ca(CO)3) y Chlorite 
((Mg,Al)6(Si,Al)4O10(OH)8). 
 Calcined clay: Quartz (SiO2), Albite 
(NaAlSi3O8), Muscovite (KAl3Si3O10(OH)2), 
Cristobalite (SiO2), Actinolite 
(Ca2(Mg,Fe2+)5Si8O22(OH)2) y Anatase 
(TiO2) para el polvo de arcilla calcinada. 
Raw material 
Mass 
(g.) 
Volume 
(cm3) 
Average real 
density (g./cm3) 
Ignimbrite 5.0702 2.0466 2.4774 
Calcined clay 6.2478 2.3502 2.6584 
Demolition mortar 6.3599 2.4802 2.5643 
Fine sand 7.1178 2.6394 2.6967 
3 
 
 Fine sand: Albite (NaAlSi3O8), Muscovite 
(KAl3Si3O10(OH)2), Cristobalite (SiO2), 
Actinolite (Ca2(Mg,Fe2+)5Si8O22(OH)2) y 
Anorthite (CaAl2Si2O8) 
 
Figures 3 to 5 show stress vs. strain curves at room 
temperature for the three types of geopolymeric 
mortars studied. The maximum and minimum stress 
values are in the range of 19 to 69 MPa. 
 
These preliminary results show the potential for 
industrial application of these new construction 
materials, at least according of Peruvian 
regulations. 
 
Figure 3. Stress vs strain curves for geopolymeric mortar derived 
from ignimbrite powder and deformed in air at room temperature. 
 
 
 
Figure 4. Stress vs strain curves for geopolymeric mortar derived 
from demolition mortar and deformed in air at room temperature. 
 
 
 
 
 
 
Figure 5. Stress vs strain curves for geopolymeric mortar derived 
from calcined clay and deformed in air at room temperature. 
 
 
Figura 6. Stress vs strain curves for geopolymeric mortar derived 
from ignimbrite powder and deformed in air at room temperature, 
200 ºC. 300 ºC, 400 ºC, 450 ºC and 500 ºC 
 
 
Figure 6 shows stress vs. strain curves obtained at 
test temperatures from room temperature to 500°C 
in air for samples of geopolymeric mortar derived 
from ignimbrite powder. The results reveal an 
increase in maximum resistance with a test 
temperature up to 200°C. From test temperatures of 
200°C onwards a progressive reduction of the 
maximum resistance values occurs, accompanied 
by a transition from totally fragile to semi-ductile 
behavior. 
At a test temperature of 450°C a semi-ductile 
behavior is noticed, with deformation of the sample 
of up to 5% without catastrophic failure, unlike the 
sample tested at 300°C, where the fault is clearly 
fragile with deformation of 1.8% before catastrophic 
failure. 
 
At a test temperature of 500°C, the sample shows a 
semi-ductile behavior with a deformation of up to 9% 
without fracture.  
4 
 
From the curves of Figure 6 and considering the 
typical microstructure of the materials studied in this 
research, it is suggested that the fragile-semi-
ductile transition is due to the softening of the 
geopolymeric aligant phase, which allows the 
movement of individual particles of fine sand in the 
continuous softened phase. This possible 
deformation mechanism is sensitive (accelerates) to 
the increase in temperature, as shown in Figure 6. 
 
4. CONCLUSIONS 
 
- Geopolymeric mortars derived from 
demolition waste have been successfully 
fabricated by mixing solid materials, adding 
12 molar sodium hydroxide solution, and 
hardening at room temperature. 
- The typical microstructure of the 
geopolymeric mortars studied consists of a 
discontinuous phase of fine sand 
embedded in a continuous one of 
geopolymeric binder. 
- The increase in temperature from room 
temperature to 200°C produces an increase 
in the maximum resistance values. 
- Test temperatures greater than 200°C 
produce a progressive decrease in 
mechanical resistance, which is 
accompanied by a fragile-semi-ductile 
transition. 
- The mechanism of deformation suggested 
to explain the fragile-semi-ductile transition 
noticed in the materials studied is the 
softening of the geopolymeric binder phase 
with the increase in temperatures. 
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ABSTRACT 
 
Alkali-activated materials, also known as geopolymers, are a class of binders that have emerged as an 
excellent alternative to the use of Portland cement. However, the geopolymers full potential has yet to be fully 
exploited. A key driver to foster the use of geopolymers is by extending their application range beyond those 
where Portland cement can be applied. Wastewater treatment is vital to mitigate the distressing worldwide 
water scarcity. The Organization for Economic Co-operation and Development (OECD) predicts that in the 
next 30 years ~40% of the world’s population will live in areas with extreme water scarcity. In this context, new, 
low cost and highly efficient materials must be developed. One stimulating approach is the use of bulk-type 
geopolymeric adsorbents. These novel materials can be easily handled and installed in packed beds without 
the need for expensive support materials. In this work, highly porous geopolymeric monoliths and spheres 
were used to extract methylene blue (a common dye in industrial effluents) from synthetic wastewaters. Very 
high methylene blue uptake by the monoliths and the spheres was observed, surpassing several literature 
studies using powdered geopolymeric adsorbents, which demonstrates the huge potential of using bulk-type 
(not powders) adsorbents for wastewater treatment. 
1.   INTRODUCTION 
 
Alkali-activated materials are binders, which have 
been emerging as a promising alternative to the use 
of Portland cement due to their much lower 
embodied CO2, provided that appropriate mixture 
design is employed (Assi et al., 2018). Nevertheless, 
these materials present other remarkable properties 
that might endow their use in less investigated, but 
high added-value, applications such as thermal 
insulators (Feng et al, 2015; Novais et al., 2018a), 
pH regulators (Novais et al, 2018b; Novais et al, 
2019), adsorbents (Al-Zboon et al, 2011; Novais et 
al., 2016d), and catalysts (Alzeer and MacKenzie, 
2018). 
 
Water scarcity is probably the major concern of this 
millennium and according to recent estimations by 
the OECD will reach unprecedented levels in the 
next 30 years. By 2050, over 40% of the world 
population is expected to live in areas with extreme 
water paucity. In this context, the development of 
effective and low cost technologies for wastewater 
depollution is paramount. 
 
Adsorption is widely considered as the most 
effective and simple technology for wastewater 
treatment, being activated carbon the benchmark 
adsorbent material. However, despite the 
remarkable adsorption potential of this material, it’s 
very high production cost has led to extensive 
research for lower cost alternatives.  
 
One promising possibility could be the use of alkali 
activated materials as low cost and environmental 
friendly adsorbents. In fact, these materials can be 
synthesized using mainly/solely waste materials as 
solid precursors, and they can set at room 
temperature, thus preventing the use of high cost 
and energy demanding thermal steps, such as 
those needed to produce activated carbons. 
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The possibility of using alkali-activated materials as 
adsorbents has only recently been investigated. 
However, most of the studies were focused on the 
use of powders whose recovery after use is 
challenging, and adds cost to wastewater treatment 
systems. In this study, an innovative and safer 
alternative is described, the use of bulk-type (not 
powders) adsorbents. These innovative materials 
might be directly used in wastewater treatment 
systems without the need for expensive support 
materials, thus simplifying the wastewater treatment 
process. 
 
2. EXPERIMENTAL CONDITIONS 
 
2.1 Materials 
 
Metakaolin (Argical M1200S; Univar) and biomass 
fly ash waste were used as precursors, while a 
mixture of sodium hydroxide and sodium silicate 
was used as activating solution. 
Two different foaming agents were employed: 
hydrogen peroxide (to produce the monoliths) and 
sodium dodecyl sulfate (to produce the spheres). 
 
2.2 Geopolymer synthesis 
 
The geopolymer monoliths were prepared following 
previous investigations by the authors (Novais et al., 
2016a). Briefly, 66 wt.% of fly ash and 33% of 
metakaolin were mixed with the activating solution 
for 10 min. Then, two different amounts of foaming 
agent (0.11 and 0.57 wt.%) were added to the slurry 
and mixed for 2 min.  
 
The geopolymer spheres were prepared through 
suspension solidification procedure, described 
elsewhere (Novais et al., 2017). In this work, equal 
amounts of fly ash and metakaolin were added to 
the activating solution, and mechanically mixed to 
produce the slurry. Then sodium dodecyl sulfate 
was added as foaming agent. 
 
After synthesis the monoliths and the spheres were 
cured at 40 ºC for 24 h, and then demoulded and 
cured at room temperature until the adsorption tests 
(28 day). 
 
 
 
 
2.3 Methylene blue adsorption tests 
 
The dye extraction from the synthetic wastewater 
was evaluated by using different adsorbent bodies, 
namely cylindrical monoliths (d = 22 mm and l = 3 
mm) and spheres (d = 2.6 mm). The bodies were 
immersed in 200 mL of a specified methylene blue 
concentration, and then magnetically stirred during 
a predetermined period of time at room temperature. 
The amount of dye adsorbed by the porous 
geopolymers was calculated by using the following 
equation:  
 
 
 
where qe is the dye uptake by the adsorbent (mg/g), 
C0 is the dye initial concentration (mg/g), Ce the dye 
concentration after the adsorption (mg/g), V is the 
solution volume (L), and m is the adsorbent mass 
(g). 
 
The dye removal efficiency (E) was determined 
using the following equation: 
 
 
 
2.4 Materials characterization 
 
The geopolymers microstructure was studied by 
using scanning electron microscopy (SEM – Hitachi 
S4100). 
The methylene blue adsorption by the porous 
geopolymers (monoliths and spheres) was 
evaluated by determining the absorbance of the 
liquid solution after the adsorption tests in a 
spectrometer (Shimadzu UV-3100, JP) at a  = 664 
nm. 
3. RESULTS AND DISCUSSION 
3.1. Geopolymer monoliths 
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Fig. 1 shows the microstructure of the porous 
geopolymeric monoliths. The bodies’ porosity can 
be easily tuned by modifying the foaming agent 
amount, higher amounts significantly increasing the 
specimens’ porosity. The apparent density of the 
lower porosity samples is 1.19 g/cm3, while their 
higher porosity counterparts show much lower 
density (0.39 g/cm3). The samples’ total porosity, as 
well as the nature of the pores (open or closed), are 
expected to strongly affect the specimens’ 
adsorption behavior. 
 
 
Figure 1. Digital photographs of the porous monoliths exhibiting different 
total porosities: a) 41% and b) 81%. 
 
To evaluate the influence of sorption time on 
monoliths removal efficiency, the bodies were 
immersed in synthetic wastewaters containing 
different concentration of methylene blue. This way, 
the influence of the dye initial concentration is also 
clarified. Fig. 2 shows very high initial sorption 
occurring in the first ten hours, while afterwards a 
slower pace is observed, until a plateau is reached 
at ~30 h, this being the equilibrium time. Fig. 2 also 
shows that the removal efficiency decreases as the 
dye C0 rises. This behavior is attributed to the 
decrease in the number of available active sites 
when the methylene concentration increases. 
 
 
Figure 2. Influence of contact time on the methylene blue removal 
efficiency by the lower porosity (41%) geopolymer monoliths. 
 
Fig. 3 presents the dyes uptake and removal 
efficiency by the monolithic bodies. When the dye 
initial concentration increases the uptake of the 
pollutant by the monoliths strongly increases for 
both monoliths. The specimens’ porosity crucially 
affected the dyes uptake, the maximum uptake 
being 15.35 mg/g (C0 =50 ppm) for the higher 
porosity bodies and 5.40 mg/g for the lower porosity 
specimens. 
 
 
Figure 3. Methylene blue uptake and removal efficiency by the lower (LPM) 
and higher (HPM) porosity geopolymer monoliths. 
 
3.2. Geopolymer spheres 
 
Fig. 4 presents a representative optical and SEM 
micrograph of the geopolymers spheres. The 
spheres have a diameter of around 2.6 mm, which 
may allow their direct use in packed beds without 
the need of support materials, such as those 
required for powdered materials. The spheres 
surface is smooth and contains pores that may allow 
the dye diffusion into the specimens. 
 
 
Figure 4. Optical (a) and SEM (b) characterization of the geopolymer 
spheres. 
 
Fig. 5 shows the influence of contact time on the 
pollutants removal efficiency by the porous mm size 
spheres. Once again, fast methylene blue sorption 
is observed, however, the sorption by the spheres 
is faster that that observed when using the 
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monoliths. In fact, in the first five hours 83% removal 
efficiency was observed when using the spheres (C0 
=50 ppm), while much lower values where seen with 
the monoliths (65% removal efficiency) despite the 
higher contact time (24 h). This feature is attributed 
to the expected higher specific surface area of the 
spheres. 
 
 
Figure 5. Influence of contact time on the methylene blue removal 
efficiency by the geopolymer spheres (adsorbent dose: 1.5 g). 
 
Fig. 6 illustrates the influence of the dyes initial 
concentration on the uptake and removal efficiency 
by the porous spheres. It should be highlighted that 
the dyes initial concentrations where much higher 
than those used for the monoliths, and this is 
explained by their superior adsorption capacity. As 
shown, a major increase in the dyes uptake from 1.1 
to 30.1 mg/g when the C0 jumped from 10 to 250 
ppm was observed. Interestingly, the removal 
efficiency increased from 82.3 to 94.3% when the 
C0 varied from 10 to 125 ppm, and then slightly 
decreased to 90.3% for dyes concentrations higher 
than 200 ppm. 
 
 
Figure 6. Influence of methylene blue initial concentration on the pollutant 
uptake and removal efficiency by the geopolymer spheres (adsorbent 
dose: 1.5 g; contact time: 24 h). 
 
3.3. Performance comparison between the 
monolithic and the spherical adsorbents with other 
values reported in literature for powdered 
geopolymer adsorbents 
 
A comparison between the maximum methylene 
blue uptake shown by the monoliths and the 
spheres with other reported values for powdered 
adsorbents is shown in Fig. 7. The spheres show a 
twofold increase in the dyes uptake in comparison 
with the monoliths (30.1 mg/g rather than 15.4). 
Interestingly, the spheres surpass several other 
studies in which powdered geopolymers were used 
which demonstrate their huge potential as dye 
adsorbent material. 
 
Figure 7. Methylene blue uptake for various geopolymer adsorbents 
reported in literature. Black bars correspond to powdered geopolymer 
adsorbents. 
 
4. CONCLUSIONS 
 
In this study the possibility of using bulk-type 
adsorbents for extracting methylene blue from 
synthetic wastewaters was evaluated. The 
cylindrical monoliths showed a maximum dye 
uptake of 15.4 mg/g, while the porous mm-size 
spheres showed roughly a twofold increase (30.4 
mg/g). These are very interesting results suggesting 
that the use on bulk-type adsorbents (not powders) 
for wastewaters treatment is feasible. 
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Abstract 
 
Water vapour (moisture) interaction with solid materials has an impact over a wide range of industries and 
materials including pharmaceuticals [1], foods [2,3], fuel cell membranes [4], and polymers. In addition, there 
is also a large impact on building materials [5]. Moisture sorption has significant implications for cements [5-
6], woods [1], insulation materials [7], and fibres where it plays a significant role limiting a building’s lifespan.  
Moreover, moisture infusion through a building’s outer structure can have a significant effect on indoor air 
quality and air-conditioning loads. The use of automated gravimetric vapour sorption instruments has become 
standard practice in many industries for investigating the vapour sorption properties of solid materials. This 
work outlines how Dynamic Vapour Sorption (DVS) instruments can be used to investigate several different 
types of materials used in the building industry. In particular, this study examines the use of DVS in cement.   
An important factor in the long-term storage stability of cements is the rate at which moisture is taken up by 
the cements under specific storage conditions. Traditionally this is done by storing large containers of cement 
under controlled conditions and periodically weighing over many months or even years. The moisture sorption 
kinetics of two different cements using a rapid Dynamic Vapour Sorption (DVS) methodology has been shown 
in this work. 
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ABSTRACT 
 
Cement concrete is a well-known building material due to its mould-ability in the plastic state and when it 
solidifies, becomes a hard material capable to withstand very high compressive strengths. However 
considering the environmental impact of large scale use of cement in concrete making, researchers have 
shifted their focus on alternative binder materials that can partially or completely replace Portland cement. 
High Volume Fly ash concrete is one such attempt where 50% or more of the binder is fly ash.  About 70% of 
the concrete volume comprises of aggregates, which not only gives bulk to the concrete mix but also takes 
considerable amount of load. Properties of aggregates play a major role in defining the properties of concrete 
produced from it. This paper reports an experimental work carried out to study the effectiveness of e-waste 
which can be used as a partial replacement to Coarse aggregates in HVFAC. E-waste consists of discarded 
electrical or electronic devices. M30 mix has been designed and the replacement levels which were tested are 
10%, 15% and 20%. For every replacement level slump test and compressive strength test was carried out 
and reported in this paper. Use of electronic waste in concrete along with HVFA is one of the effective ways 
of disposing E-waste, which otherwise would be lying in landfills creating further environmental issues. 
 
1.   INTRODUCTION 
 
Concrete is the primary construction material used 
because of its mouldability, durability and high 
compressive strength properties. The properties of 
concrete can be engineered to suit the infrastructure 
requirements. However recent concerns about the 
degrading environment has attracted the concrete 
technologists towards the use of industrial wastes in 
concrete making.  
 
Industrial wastes that possess pozzolanic 
properties have the potential to be used as a binder 
replacement thereby reducing the use of cement 
and preventing the augmentation of waste 
generation. One such industrial waste is fly ash. The 
production of cement releases a lot of CO2 in the 
atmosphere which further leads to  
 
Global Warming and increment of Greenhouse 
Gases.  
 
The construction industry constitutes about roughly 
a quarter of the global CO2 emissions. The basic 
function of cement in the concrete system is to bind 
all other ingredients and keep them intact as stated 
earlier. If the cement is replaced with Fly Ash, a 
byproduct of thermal power plants, it could make the 
concrete manufacturing more sustainable and 
resource efficient.  
 
Aggregates are yet another natural resource that 
are being used in large scale by the concrete 
industry. Since the natural resources have to be 
conserved, researchers have tried using alternative 
waste that can act as inert fillers in concrete.  E-
waste or electronic waste is the remnant of gadgets 
and electronic items after its life cycle. It usually 
contains 80% plastic. This paper reports 
experimental study conducted on High volume fly 
ash containing e-waste as partial replacement of 
coarse aggregates.   
 
2. LITERATURE REVIEW 
 
Research on possible use of e-waste as partial 
replacement of coarse aggregates has been carried 
out in the past. It has been found that the 
percentage most suitable for replacing aggregate 
with E-waste lies between 15-20% (S. Manoj Kumar 
(2015)), (R Lakshmi (2011))) (Suchithra S, Manoj 
Kumar and Indu V.S (2015)). 
 
 This is the optimum range at which the properties 
of concrete such as compression and flexural 
strength are optimum or are at the same levels 
when compared to the ones without replacement, 
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showcasing that at 15-20% replacement maximum 
compression and flexural strength can be achieved. 
Alongside improvement of compressive and flexural 
strength we noticed that the workability of the 
studied concrete samples were also affected. 
 
 Hence, when fly ash had been added to concrete 
with E-waste (Bharat Dawande, Devansh Jain and 
Dr. Gyanendra Singh (2016)) it was found to be 
beneficial in enhancing the workability 
characteristics of concrete. Experimental study from 
which the present study is inspired has suggested 
the use of 30% fly ash of the total binder content.  
(N Panneer Selvam (2016)). 
 
Another observation was that as we kept on 
augmenting the percentage value for replacing 
cement, the compressive and flexural strength 
(Panneer Selvam and Gopala Krishna GVT (2016)) 
as well as overall weight (P Krishna Prasanna 
(2014)), (P.Krishna Prasanna and M.Kanta Rao 
(2014)) of the concrete displayed tendency to 
diminish.  
 
 
MATERIALS AND METHODS 
 
For studying the properties of High Volume fly ash 
Concrete cubic specimens were prepared with OPC. 
M30 mix was designed using the guidelines 
stipulated in IS: 10262-2009. Table 1 gives the 
details of the mix proportion. Mix proportion used for 
the work is 1: 1.6: 2.931. For HVFAC 50% of cement 
was replaced by Fly ash by weight. Coarse 
aggregates were replaced by e-waste at the levels 
of 0%, 10%, 15% and 20% by weight of course 
aggregates.  
 
Table 1: Proportions of materials in various 
concrete mixes 
 
Workability was assessed by measuring slump and 
the compressive strength was tested on 10mm 
cubed cast for each of the mentioned mixes.   
 
Sieve Analysis of e-waste and aggregate 
ingredients was done to establish the particle size 
grading wherein the particle size affects the strength 
and workability of a concrete mix.  
 
Specific Gravity is the ratio of the weight of a given 
volume of aggregate to the weight of an equal 
volume of water. This also is a measure of strength 
or quality of the specific material. Specific Gravity 
test was done for the same ingredients as stated for 
the previous test. 
Water absorption test was done for E-Waste to 
identify its overall strength and porosity of the 
materials used.  
 
The cement used in all mixtures was commercially 
available Ordinary Portland Cement (OPC) of 43 
grade manufactured by RAMCO company 
confirming to IS: 12269. The specific gravity of the 
cement was 3.15. Slump test was performed 
corresponding to IS: 1199-1959 to get the optimum 
water- cement ratio and determine the workability of 
the mix. Cubes of size 100mm x 100mm x 100mm 
were cast to test for the compressive strength of 
various mixes after 7 and 28 days of curing.  
 
RESULTS AND DISCUSSION 
 
The cubes were tested for their compressive 
strength on 7th and 28th day of casting. The results 
of slump, weight and strength are presented in this 
section. 
 
The E-waste (mostly plastic) was used as a course 
aggregate replacement which had a lower specific 
gravity of 1.4 compared to 2.67 and 2.69 of fine and 
coarse aggregates. This has resulted in lower 
weight of sample with E waste. Table 2 shows the 
reduction in weight with inclusion of E-waste in the 
concrete samples.  
 
Table 2: Reduction in weight of concrete by addition 
of E- waste in different mix types 
 
Table 3 shows the slump and compressive strength 
of the various concrete mixes studied. It can be 
observed that workability is reduced by using E- 
waste as an aggregate. However, using fly ash in 
the concrete significantly improves the slump of 
concrete.  
 
MIX ID 
PROPORTION OF MATERIALS USED 
BINDER COARSE 
AGGREGATES 
SAND 
CEMEN
T 
FLY 
ASH 
C.A E- 
WASTE 
MIX0/0 100 % 0 % 100 % 0 % 100 % 
MIX50/0 50 % 50 % 100 % 0 % 100 % 
MIX0/10 100 % 0 % 90 % 10 % 100 % 
MIX50/10 50 % 50 % 90 % 10 % 100 % 
MIX0/15 100 % 0 % 85 % 15 % 100 % 
MIX50/15 50 % 50 % 85 % 15 % 100 % 
MIX0/20 100 % 0 % 80 % 20 % 100 % 
MIX50/20 50 % 50 % 80 % 20 % 100 % 
Concrete 
Mix Type 
Weight of 
Sample 
Percentage 
Reduction 
   
Mix 0/0 2.05 kg --- 
   
Mix 0/10 1.93 kg 6% 
   
Mix 0/15 1.89 kg 7.80% 
   
Mix 0/20 1.86 kg 9.40% 
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Table 3: Slump and compressive strength of 
various mixes 
 
From Table 3 it can be seen that the control mix of 
M30 has an average compressive strength of 
24.263 MPa. However, the mix containing 10% E- 
waste has the highest strength which is 2.93% more 
than the control mix. Strength decreased with 
addition of E- waste beyond 10% and also with the 
addition of fly ash. Strength also decreased by 26.6% 
on replacement of 50% cement with fly ash as 
compared to control mix. Lastly strength showed 
depreciation by 15.29% when 10% E- waste was 
added. Any addition of E- waste or fly ash lead to 
reduction in strength. 
 
 
CONCLUSION 
 
1.  High volume Fly ash is a suitable alternative to 
conventional cement as a binder. However the 
problem of slow setting results in an overall 
reduction of 7 day strength.  
 
 
2. Even though HVFA gains strength at a later stage, 
the strength obtained at the 28th day is still lower 
than conventional OPC based concrete. 
 
3. Since E-waste has a very low specific gravity 
compared to normal aggregates, it results in a lower 
weight and strength. 
  
4. E-waste with high volume fly ash can be used for 
normal strength concretes upto M40. For higher 
strength grades better packing densities are 
required.   
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MIX ID 
Slump 
(mm) 
Compressive Strength (MPa) 
7 days 28days  
Mix 0/0 110 24.26 34.92 
Mix 50/0 123 16.19 25.61 
Mix 0/10 98 24.97 29.58 
Mix 50/10 110 12.89 23.68 
Mix 0/15 85 20.8 26.22 
Mix 50/15 97 12.63 22.06 
Mix 0/20 74 17.58 23.76 
Mix 50/20 85 11.09 20.67 
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ABSTRACT 
 
The fused deposition principal of additive manufacturing (AM) involves the deposition of a material one layer 
at a time allowing the creation of an object from a 3D digital design. The associated reduction in the amount 
of waste material produced offers benefits and over the last decade, investigations have been carried out using 
cementitious materials for AM within the construction industry. Central to the profile of the technology 
increasing in the industry is the development of a suitable cementitious material which may be deposited 
without formwork. Research currently consists of ground based gantry or robotic arm methods reliant upon 
suitable terrain and environmental conditions. This paper presents development of fibrous cementitious 
mortars and pastes suitable for a miniaturised deposition system designed for use in a multiple-agent AM 
approach. Synthetic PVA, aramid and kevlar fibres along with natural fibres from the banana plant were 
investigated to evaluate contributions to the workability, buildability, mechanical strength and failure 
mechanisms of the cementitious composite material. The addition of fibres to a cementitious matrix augmented 
by synthetic hydrocolloids results in compressive and flexural strength increases and transforms the method 
of failure from brittle to ductile. Results suggest PVA and kevlar fibres are suitable for a composite cementitious 
material with optimised rheology specifically designed for a multiple-agent, miniaturised deposition approach 
for AM.  
 
 
1.   INTRODUCTION 
 
Research into the use of cementitious materials in 
additive manufacturing (AM, often referred to as ‘3D 
printing’) has developed considerably over the past 
decade, with an estimated thirty projects worldwide 
investigating 3D printing with material of a 
cementitious nature for building and civil use in the 
construction industry (Buswell et al. 2018). The 
majority of projects are based upon the AM principal 
of fused deposition modelling (FDM), which involves 
the extrusion of a suitably viscous-like material 
through a nozzle to create an object one discreet 
layer at a time (Kalsoom et al. 2016) without the use 
of supporting formwork. This additive approach, 
which only uses material specifically required, is in 
stark contrast to the traditional subtractive methods 
(Buswell et al. 2007) employed in the conservative 
and risk-averse construction industry (Arora et al. 
2014), in which AM technology is still in a relative 
state of infancy (Bos et al. 2016). 
 
A cementitious material suitable for AM must 
possess an appropriate balance between 
‘pumpability’ (the ability of a fresh mix to move 
through a deposition system), ‘printability’ (the level 
of ease at which material passes through a nozzle) 
and ‘buildability’ (the ability of freshly deposited 
material to retain shape following extrusion and 
when subjected to load from subsequent layers) (Le 
et al. 2012). In this study, ‘pumpability’ and 
‘printability’ will be encompassed by the term 
‘workability’. A workable mix requires liquid-like 
behavior and low viscosity, whereas a buildable mix 
exhibits more solid-like behavior and high viscosity. 
 
Studies concerning cementitious materials in AM 
have involved differing deposition approaches. 
Equipment could be of building envelope scale, 
housed on a large frame or gantry, with examples 
being concrete printing, developed at 
Loughborough University, UK (Le et al. 2012), (Lim 
et al. 2012) and Contour Crafting, developed at the 
University of Southern California, USA (Zhang and 
Khoshnevis 2013). A further method is the use of a 
large compound robotic arm with multiple degrees 
of freedom, which could be stationary, or mobile on 
a moving platform, an example being the digital 
construction platform project developed by the 
Massachusetts Institute of Technology, USA 
(Keating et al. 2017). Another possibility is the use 
of smaller, coordinated multiple mobile agents.  
 
Concrete is weak in tension and prone to brittle 
failure (Soltan and Li 2018), with design traditionally 
focusing upon compressive strength and the use of 
structural steel reinforcement to carry tensile forces 
and facilitate ductile failure (Bos et al. 2017). When 
considering the use of multiple smaller robots in AM 
construction, and the inherent relative 
miniaturisation of the deposition process required, 
traditional steel rebar is not naturally compatible. 
Indeed, rebar may be detrimental to an AM 
construction procedure (Asprone et al. 2018). 
Alternative options to integrate reinforcement must 
be investigated to increase tensile capacity and 
resist drying shrinkage and crack propagation. 
Options include fibrous reinforcement as part of the 
cementitious mix, automated placement of passive 
reinforcement during deposition or digital fabrication 
post-deposition (Asprone et al. 2018). 
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This study investigated multiple types of chopped 
fibres, adding them in differing quantities to a 
cementitious paste mix suitable for a miniaturised 
AM extrusion process. The study used natural, 
untreated fibres from the banana plant along with 
synthetic aramid, kevlar and polyvinyl alcohol (PVA) 
fibres. Workability, buildability, morphology, 
mechanical properties and failure modes of the 
fibrous cement pastes were evaluated for suitability 
with a miniaturised AM process. 
 
2. Materials and Methodology 
 
High fibre volume fraction (2%+) materials  present 
challenges regarding workability (Noushini et al. 
2014). Fibres were added in this study to a 
cementitious paste of density ≈1400 kg/m3 at 
volume fractions <1%, levels usually associated 
with reducing drying shrinkage and resisting crack 
propagation, in order to facilitate enough workability 
for the material to pass through the miniature 
deposition system. PVA fibres, (supplied by Flints 
Theatrical Chandlers, London) were uniformly cut to 
a length of 12mm as part of the manufacturing 
process, whereas the aramid, kevlar (both supplied 
by Easy Composites, Staffordshire) and banana 
fibres (supplied by Moomin, UK) were hand-cut to a 
length of 12mm ±5mm from bulk quantities. Kevlar 
is a type, or brand name, of the synthetic fibre class 
aramid, which is based around a chemical reaction 
between an amine group and a carboxylic acid 
halide group. In this study, the woven fibre strands 
Kevlar tex 40, supplied in sewing reel form, are 
termed ‘kevlar’ and the dtex 1600 yarn, 
manufactured as strands of unwoven fibres, are 
termed ‘aramid’. Fibre properties are presented in 
Table 1. Kevlar fibres were the most expensive 
option, with banana and PVA the least. 
Table 1. Properties of the fibres. Please refer to Figure 5 for 
macro-images. 
 
FIBRE LENGTH DIAMETER DENSITY  
(mm) (microns) (g/cm3) 
PVA 12 280-350 1.29 
ARAMID 12 ±5 12-14 1.40 
KEVLAR 12 ±5  210 (thread) 1.40 
BANANA 12 ±5 35-50 1.35 
 
Nine mixes were formulated for the experiments – a 
control mix without fibres and the four fibres each 
added at 0.35% and 0.75% by mix volume. The 
cementitious matrix was based upon Dragon Alfa 
CEM I 42.5 R Portland cement blended with Cemex 
EN-450 pulverised fuel ash (PFA) in a respective 
ratio of 65:35. Cellulose gum and a lignin-based 
plasticiser were added to aid both workability and 
buildability. Coarse aggregate is inherently 
incompatible with the miniaturised system. Fine 
aggregate is possible, but this study focused upon 
fibre concentrations and fine aggregate was not 
used. A water/binder ratio of 0.46 and 
superplasticiser content of 1% by mass of binder 
were kept consistent throughout all mixes. Prisms 
for mechanical tests were cast in 160 mm x 40 mm 
x 40 mm moulds, cured and tested in accordance 
with BS EN 1015-11:1999, at both 7 days and 28 
days, to attain compressive and flexural strengths 
with the use of a 50kN loading capacity Instron 
Universal 2630-120/305632 device. 
 
 
 
Figure 1. Adapted automated deposition device facilitating swift 
removal and insertion of syringes. 
 
Workability and buildability of freshly mixed pastes 
were evaluated using an adapted miniature syringe-
based deposition device (Figure 1). The device 
consisted of one 60 ml, 28mm internal diameter 
concentric luer-loc syringe, with plunger movement 
in the vertical direction actuated by a 6V DC 
brushed motor (Dams et al. 2017). Each mix was 
injected into the 60ml syringe through a circular 
aperture thereby allowing subsequent extrusion 
through an 8mm circular nozzle and an 80mm 
length of 8mm internal diameter flexible PVC tubing.   
This allowed extrusion of a smooth bead of material 
in four circular layers. Workability was assessed by 
the level of ease at which the deposition device 
could extrude the fresh mix, as quantified by the 
electrical current required. Buildability was 
evaluated through the ability of the extruded fresh 
mix to retain its shape and resist excessive 
deformation when subjected to loading from 
subsequent layers. 
 
Fibre morphology and fracture surfaces of the 
tested flexural specimens (at 7-day strength) were 
investigated using a JEOL SEM6480LV Scanning 
Electron Microscope (SEM).  Magnifications of 
1000x and 43x were used for the fibres and the 
flexural prism fractured surfaces respectively.  A 
gold coating of thickness 10 nm was applied to the 
SEM samples immediately prior to insertion into the 
microscope chamber in order to prevent charging 
and increase signal-to-noise ratio. 
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3. Results and Discussion 
 
Figure 2 shows 7-day and 28-day compressive and 
flexural strengths. Aramid, kevlar and banana fibres 
all increased flexural strength at 0.75% fibre 
volume. Standard deviations, though largely <1 
MPa, demonstrated variable concentrations of 
fibres within cementitious matrices. While 
compressive strength categorically increased 
between 7 and 28 days, flexural strength did not, 
suggesting the molecular bonding between fibre 
and cementitious matrix was established at 7 days. 
All fibres improved compressive strength at 28 days 
in comparison to the non-fibrous control mix. Figure 
3 shows modes of failure following flexural tests. 
The non-fibrous control mix exhibited brittle failure, 
while all 0.35% fibrous specimens failed in a ductile 
manner and resisted crack propagation, improving 
further with 0.75% volume (0.75% banana fibre 
specimen is shown in Figure 3). 
 
The current required for the deposition device to 
extrude the fresh mixes is shown in Table 2, with 
mixes too stiff to be processed identified as ‘Could 
Not Process’ (CNP). The presence of cellulose gum 
allowed extruded mixes to retain structure to varying 
extents in the buildability tests (shown in Figure 4). 
PVA and Kevlar fibres performed well. Banana 
fibres at 0.35% volume, showed greater layer 
deformation. Mixes with aramid fibres performed 
well in mechanical tests but the stiff mixes 
possessed poor workability. This is also true to a 
lesser extent with 0.75% volume banana fibres, as 
aramid and Banana fibre mixes couldn’t be 
processed at 0.75% volume. 
 
Table 2. Current required for deposition device extrusion. CNP = 
could not process. 
 
Fibres contained in 
the mix 
Fibre volume 
Current 
required 
 (%) (mA) 
Control (none) ־ 160-181 
PVA 0.35 162-184 
PVA 0.75 172-220 
ARAMID 0.35 169-209 
ARAMID 0.75 CNP 
KEVLAR 0.35 156-192 
KEVLAR 0.75 174-210 
BANANA 0.35 171-212 
BANANA 0.75 CNP 
 
Figure 5 shows macro (left) and SEM (centre, right) 
images of fibres and fracture surfaces. The larger 
PVA fibres were relatively uniform in being broadly 
aligned parallel to the specimen length axis 
compared to the random orientation of banana and 
aramid fibre strands. Kevlar can be observed as 
both uniform (while intact in woven reel form) and 
randomly aligned (the result of a reel de-woven into 
component fibre-strands due to manual and 
mechanical mixing processes). Aramid has the 
smoothest surface and it is reasoned that the 
multiple orientation of low-diameter fibre strands 
forms an effective mat of reinforcement, resisting 
crack propagation and improving flexural strength, 
rather than relying on an uneven surface providing 
anchorage as is the case for PVA and Kevlar fibres. 
Banana fibres provide both, with a natural uneven 
surface and multiple orientation of fibre strands 
providing a mat of reinforcement located more 
consistently throughout the cementitious matrices.  
 
Rupture was observed with aramid and banana 
fibres, a combination of the mat effect and brittle 
nature of the fibres. A major drawback of the mat 
effect is the detrimental effect on workability, which 
threatens suitability for a miniaturised AM process. 
PVA fibres were observed to fail by pull-out, as 
confirmed by Figure 5 (top, centre) which shows a 
smooth, unbroken fibre-end. It is suggested this is 
due to high tensile capacity rather than inadequacy 
in molecular bonding or mechanical anchorage. 
 
 
 
Figure 2. 7-day and 28-day compressive (a) and flexural (b) 
strengths. 35 and 75 refer to 0.35% and 0.75% fibre volume. s7 
and s28 denote standard deviation (secondary vertical axis). 
Error bars represent highest and lowest recorded values. 
Stress/strain profiles of 7-day specimens (c) show mixes 
successfully processed autonomously by the deposition device. 
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Figure 3. Flexural failure at 2mm displacement, with brittle failure 
of a non-fibrous prism (left) and a more ductile 0.75% banana 
fibre prism resisting crack propagation (right). 
 
 
 
Figure 4. Buildability tests with four fresh circular layers extruded 
by the powered deposition device for each mix shown. 
 
 
 
Figure 5. Macro (left) and SEM (centre, right) micro images, top 
to bottom: PVA, Aramid, Kevlar and Banana. Fibre images are 
43x magnification (within matrices, centre) and 1000x (right). 
 
4. Conclusions and further work 
 
All fibres used in this study contributed to the 
buildability and ductility of cementitious pastes but 
impacted upon workability. Though Aramid and 
banana fibres provided the highest flexural 
strengths and most ductile failure, they are 
challenging for the deposition device to process and 
in higher volumes are concluded to be unsuitable for 
miniaturised AM. Pastes containing 0.75% volume 
PVA and Kevlar fibres possessed a suitable balance 
between workability and buildability, being 
competitive in mechanical tests and possessing 
sufficient workability for the deposition device. 
Uneven surfaces of fibres facilitated good 
anchorage in cementitious paste matrices, 
transforming method of failure but not necessarily 
flexural strength. It is concluded that for higher fibre 
volumes, PVA and Kevlar (aramid in woven reel 
form) are the most suitable, as fibres are discreet 
from each other and do not entangle (though a 
drawback of Kevlar is the high cost). Further work 
would encompass development of a more powerful 
deposition system and mix modification to further 
increase the fibre volume, which may require foam 
or further rheological modifying agents to decrease 
density and strength and attain viable workability. A 
suitable parallel approach would focus miniaturised 
AM design on compression-loaded structures. 
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ABSTRACT 
 
As concrete-based infrastructure becomes more commonplace in the world, cement’s contribution to CO2 
emissions will increase. Consequently, it is imperative that more sustainable cementitious materials with the 
same costs, same strengths, and lower emissions are put into use. To effectively supplement the materials on 
the market, strength mechanisms of cement must be understood and controlled. 
Calcium-silicate-hydrate or C-S-H is the glue of Portland Cement. C-S-H is the main product of the hydration 
phase and the chief contributor to early-age strength. As a result, a sound understanding of C-S-H nucleation 
and growth will allow cement scientists to copy and control these mechanisms in supplemental materials, 
increasing cement sustainability.  
This study focuses on constructing the definitive protocol to synthesize and store pure, single-phase C-S-H 
with Ca:Si ratios between 1.0 and 2.0 by using a modified version of the dropwise precipitation method as 
designed by Kumar et al. in addition to other considerations to optimize and consistently control fine particle 
nucleation.  
 
 
1.   INTRODUCTION 
 
Calcium-silicate-hydrate, or C-S-H is the main 
hydration product of cement and is chiefly 
responsible for early-age strength. However, in a 
cementitious system, C-S-H precipitation often 
occurs with the formation of other phases including 
ettringite, Ca(OH)2, and CaCO3  (Scrivener and 
Nonat, 2011). Additionally, C-S-H has a variable 
stoichiometry; the Ca:Si ratio depends on the pH of 
the local environment. As a result, experimental 
characterization of C-S-H is difficult, and can be 
best studied in an isolated system. 
 
 
 
 
The dropwise precipitation method was developed 
to synthesize pure, single-phase C-S-H, isolated 
from other materials found in cement. The method 
gives insight on the required materials to precipitate 
batches of C-S-H with Ca:Si ratios from 1.0 to 2.0. 
Temperatures and pHs required in order to receive 
the target Ca:Si ratio is given based on 
thermodynamic predictions (Lothenbach and 
Winnefeld, 2006). However, the exact protocol and 
details for handling of materials before, during, and 
after synthesis are less clear.  
 
To study the sensitivities of this system in more 
detail, C-S-H was synthesized at different Ca:Si 
ratios from 1.0 to 2.0. Methods to best control the 
precipitation collection process, drying, storage, 
substrate handling, and cleaning were modified to 
best control the system. Afterwards, the precipitates 
were analyzed with XRD, TGA, and ICP. 
 
 
2. MATERIALS AND METHODS  
 
Ten different samples of C-S-H were synthesized 
following a modified version of the dropwise 
precipitation method (Kumar, et al., 2017). The 
Ca:Si ratio was varied between 1.0 and 2.0 by 
modifying the pH of the solution in the reactor. 
 
 
2.1 Materials 
 
Materials for the synthesis of synthetic C-S-H 
include a 12 cm diameter poly(methyl methacrylate) 
(PMMA) reactor. The reactor lid is comprised of six 
slots for in-situ measurements, PMMA bars to 
increase turbulence and mixing inside reactor, and 
glass inlet and outlet tubes for a gas purge. 
Additionally, the lid includes a 3-input y-shaped 
micromixer system with a spiral static mixer.  
 
Free calcium concentration and pH are monitored 
in-situ. Temperature is regulated by a thermostat.   
Figure 1. SEM – Ca3SiO5 hydration stopped at 6 hours 
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2.2 Preparation and maintenance 
 
In advance to synthesis, all materials are washed 
with deionized water and dried in a laminar flow 
hood.  
 
Piston pump tubes are purged with a solution of 50% 
ethanol, 50% pure water, and rinsed with a 50 mL 
solution of pure water before and after use.  Ion 
electrodes and pH meters are stored in the 
respective storing solutions,  calibrated twice before 
usage, and washed with deionized water.  
 
Solutions of calcium nitrate tetrahydrate, sodium 
metasilicate, and sodium hydroxide are prepared 
with decarbonated water. After preparation, the 
solutions are covered with a lid to avoid any 
contamination by dust. The solutions are only stored 
for a maximum of two weeks before usage.  
 
2.3 Precipitation  
 
100 mL of silicate solution is placed in the reactor 
with the designated amount of 10M NaOH. The 
system is purged under a flow of nitrogen at 10 
mL/min, and is mixed at 700 RPM for 30 minutes. 
The pH and required amount of NaOH is described 
in Table 1.  
 
 
Table 1. GEMS predicted pH and required amount 
of NaOH to receive target Ca:Si ratio, 200mL 
reactor volume  (Kulik, 2011) 
Ca:Si ratio pH (GEMS) 10 M NaOH 
(GEMS) 
1 10.9 25 µL 
1.25 11.5 2.6 mL 
1.5 12.1 5.3 mL 
1.75 12.6 8.3 mL 
2 12.8 10 mL 
 
 
The mixing speed is then increased to 1100 RPM, 
and a calcium solution is pumped into the reactor at 
a rate of 2 mL/min.  
 
2.4 Collection & Drying 
 
After 3 hours of reaction, the precipitate and the 
supernatant are separated over a 20 nm organic 
filter via a vacuum-filtration system. The 
supernatant from the first filtration is collected when 
100 mL of supernatant still remains unfiltered. The 
precipitate is then washed with a 1:1 pure water and 
ethanol solution, filtered again, and separated into 
wet and dry product.  
 
To dry, the C-S-H precipitate is placed in a -80 ℃ 
freezer for 24 hours and in a freeze dryer for an 
additional 24 hours.  
 
 
3.   RESULTS & DISCUSSION 
 
Figure 2 shows XRD diffractograms of three 
different samples of C-S-H all synthesized with a 
target Ca:Si ratio of 1.87.  
 
 
 
 
 
All three diffractograms in Figure 2 display the 
presence of C-S-H, indicated by the characteristic 
peaks at at 29.4, 32.1, and 50.1 ± 0.1̊  (Snellings, 
2016). However the top diffractograms indicate the 
presence of CaCO3 and Ca(OH)2 .  
 
Although all three samples were synthesized with 
the same recipe, temperature, and pH, improper 
protocol after synthesis caused impurities to form.  
 
In the diffractogram that shows presence of C-S-H 
and Ca(OH)2, impurity is believed to have formed 
during vacuum filtration and drying. The precipitate 
was allowed to filter for too long, taking the C-S-H 
out of equilibrium with the mother liquor causing the 
precipitate to be more suceptible to change.  
 
In the top diffractogram of Figure 2, CaCO3 is also 
seen in addition to Ca(OH)2, having formed due to 
poor handling and exposure to CO2.   
 
 
4. CONCLUSIONS 
 
In fine particle nucleation, careful handling of 
solutions and materials before, during, and after 
synthesis is imperative to ensure that results are 
consistent and reproducible. Even if the correct 
recipes, temperatures, pHs, and mixing speeds are 
in practice, it is still possible to form impurities in the 
C-S-H precipitation system.  
 
The diffractograms in Figure 2 confirm the synthesis 
of pure C-S-H  at a target Ca:Si ratio of 1.87. 
However, they also reveal that improper protocol 
after synthesis can lead to the presence of 
impurities in the sample.  
Figure 2 Diffractogram comparison of pure C-S-H and impure   C-
S-H with presence of Ca(OH)2 and CaCO3, Ca:Si = 1.87 
21 
 
 
As a result, the purpose of this study is to find the 
optimal conditions and parameters for the entire 
process of making and storing pure, single-phase 
C-S-H.  
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ABSTRACT  
  
This contribution presents a summary of recent advances in understanding the hydration of tricalcium 
aluminate (C3A), which is key to controlling a number of important properties of fresh PC concrete, such as 
workability and setting time. We focus on the two main hypotheses used to explain the retarding effect of 
gypsum on the dissolution of the cubic form of C3A (cub-C3A), (1) the ‘barrier’ and (2) ‘adsorption’ hypotheses. 
Our results show that ettringite is the only product in the cub-C3A-gypsum-H2O system during the initial stages 
of hydration, which is when the retarding effect is active. We also find that the surface of cubC3A is only partially 
covered, on the length scale of tens of nanometers, during this period. These results provide direct evidence 
to disprove a physical barrier to cub-C3A dissolution, and thus also the ‘barrier hypothesis’. Additional results 
from chemical analysis of the solid and solution phases in this cub-C3Agypsum-H2O system indicate that 
neither Ca or S specifically adsorb to the surface of partially hydrated cubC3A, and thus that neither Ca cations 
or SO42- alone inhibit cub-C3A dissolution in fresh PC systems.  
Therefore, we present a more complex yet plausible explanation for the retarding effect of gypsum on cubC3A 
hydration, which is through weak adsorption of aquo Ca-S ion-pair complexes onto partially dissolved cub-C3A. 
Our proposed mechanism is discussed in light of its implications on fresh PC concrete performance.  
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ABSTRACT  
Hydration models can aid in the prediction, understanding and description of hydration behaviour over time as 
the move towards more sustainable cements continues.  
HYDCEM is a new model to predict the phase assemblage, degree of hydration and heat release over time 
for cements undergoing hydration for any w/c ratio and curing temperatures up to 450C. HYDCEM, written in 
MATLAB, complements more sophisticated thermodynamic models by predicting these properties over time 
using user-friendly inputs within one code. A number of functions and methods based on up to date cement 
hydration behaviour from the literature are hard-wired into the code along with user-changeable inputs 
including w/c ratio, curing temperature, chemical compositions, densities and enthalpies. Predictions of 
hydration product volumes from the silicate, aluminate and ferrite phases can be determined, including C-SH, 
calcium hydroxide, hydrogarnet (if applicable) ettringite and monosulfate. A number of comparisons have been 
made with published phase assemblages using thermodynamic models and HYDCEM predictions to assess 
its accuracy and usefulness.  
This paper presents simulations of cement hydration and microstructure development with and without the 
additional of ground limestone using the HYDCEM model, both in terms of monocarbonate growth at the 
expense of monosulfate and ettringite. Comparisons with published phase assemblages show good 
agreement in terms of volumetric growth and behaviour.  
 
 
1. INTRODUCTION  
  
The use of cements with added limestone has been 
increasing in Europe and across the world over the 
past decade. Within the European cement 
standard, EN-197, limestone-cements are classed 
as CEM II/A-L and CEM II/B-L where up to 20 and 
35% limestone is allowed respectively (BS EN 
1971, 2000). The addition of limestone is also 
permitted in the United States (ASTM C150, 2018) 
and many other countries throughout the world. 
Indeed, Bonavetti et al (2003) states that the 
addition of limestone filler in low w/c concrete is a 
rational option to reduce energy consumption, 
emissions and costs.  
While the use of Supplementary Cementitious 
Materials (SCM's) in concrete is increasing, their 
local and worldwide availability compared to 
limestone is much less. The literature (Lothenbach 
et al, 2008; Matschei et al, 2007; Matschei and 
Glasser, 2006; Antoni et al, 2012; Zajac et al, 2014; 
Ingram and Daugherty, 1991) suggests that 
limestone or calcite additions up to 5% can 
enhance performance while reducing ettringite 
dissolution when gypsum/sulfate is depleted. AFm 
phases like monocarbonate and hemicarbonate 
are formed in place of monosulfate with reduced 
consumption of ettringite. Without limestone 
additions, ettringite becomes unstable and 
monosulfate is formed over time. With limestone, 
monocarbonate is formed which stabilises 
ettringite. As a result, there is an increased volume 
of hydrates, decreased porosity and improved 
strength.   
The effects of limestone addition were shown to 
increase the effective w/c of the cementitious 
material and accelerate hydration, while only mildly 
reactive. This is due to the fine filler effect where 
the ground limestone provides additional surfaces 
to develop nucleation sites for the precipitation of 
C-SH (Stark, 2004; Pera et al, 1999).  
2.  MODELLING  LIMESTONE 
 ADDITIONS DURING CEMENT 
HYDRATION  
  
A review of the literature around cement hydration 
modelling including limestone additions suggests 
that, outside of thermodynamic analysis, only 
CEMHYD3D (Bentz , 2000) has been used. The µic 
microstructure platform (Bishnoi & Scrivener, 2009) 
allows for the inclusion of limestone with the filler 
C-S-H can be modelled on the surface of the 
particle.  
The influence of limestone, both for chemical 
reactivity and ‘fine filler effects’ was included in the  
CEMHYD3D V. 2.0 model (Bentz, 2006) by 
modifying the CEMHYD3D code and including the 
reaction in Equation 1, based on experimental 
observations in the literature (Hawkins et al, 2003; 
Klemm & Adams, 1990; Kuzel & Pollmann, 1991; 
Bonavetti et al, 2001; Kakali et al, 2000). 
Monocarbonate is formed in preference to 
monsulfate and only becomes active in 
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CEMHYD3D when the initial calcium sulfate 
(gypsum) is depleted and the previously formed 
ettringite converts to the Afm phase by reaction 
with more of the cement clinker aluminate phases. 
3(𝐶𝑎𝑂)3(𝐴𝑙2𝑂3) ∙ 𝐶𝑎𝑆𝑂4 ∙ 12𝐻 + 2𝐶𝑎𝐶𝑂3 + 18𝐻       
→ 2(𝐶𝑎𝑂)3(𝐴𝑙2𝑂3) ∙ 𝐶𝑎𝐶𝑂3 ∙ 11𝐻 + (𝐶𝑎𝑂)3(𝐴𝑙2𝑂3) ∙ 
3𝐶𝑎𝑆𝑂4 ∙ 32𝐻        Eqn. 1  
  
In terms of the ‘filler effect’, the early time 
dissolution probabilities in CEMHYD3D were 
altered so to be proportional to the ratio of the initial 
total (cement clinker and limestone) surface area 
divided by the initial cement clinker surface area 
raised to the second power (Bentz, 2000). This 
methodology implies that hydration during the 
induction period is ‘accelerated’ where a thinner C– 
S–H1 layer is formed over a larger surface area. It 
was concluded that the revised model provided 
good agreement with experimental results.  
The effect of limestone on the hydration of 
cementitious systems has also been undertaken 
using thermodynamic modelling using the Gibbs 
free energy minimization (GEMS) programme. 
GEMS (Kulik, 2007) is a broad-purpose 
geochemical modelling code that has been used to 
compute phase assemblage from the systems total 
bulk elemental composition (Lothenbach et al, 
2008). Chemical solid interactions, solid solutions 
and aqueous electrolyte are considered 
simultaneously along with the speciation of the 
dissolved species including the kind and amount of 
solids precipitated.  
Thermodynamic modelling was undertaken using a 
w/c ratio of 0.4 at a curing temperature of 200C with 
the cementitious systems in (Lothenbach et al, 
2008). Figure 1 shows the thermodynamically 
modelled phase assemblages for the cements with 
limestone. As may be seen, monocarbonate forms 
in place of monosulfate in the limestone cement. 
Also shown is the stability of ettringite through the 
hydration in the limestone cements which is 
unstable in the Portland cements as it is converted 
to monosulfate over time. Furthermore, 
monosulfate begins to form at approximately 3 
days where monocarbonate is formed after 
approximately 1 day. Finally, the total volume of the 
limestone cement is slightly higher than the 
Portland cement, which confirms the higher 
compressive strengths seen in the literature.  
Figure 2 presents comparisons between modelled 
and experimentally measured (using XRD & TGA) 
amounts of ettringite, monosulfate and 
monocarbonate over time (Lothenbach et al, 2008). 
The authors noted that the differences between 
measured and modelled is due to the 
underestimation of AFm phases deduced by XRD 
was due to its low crystallinity and variations in 
composition. It was also concluded that 
thermodynamic modelling is capable to reasonably 
accurately predicting the formulation of C-S-H, 
                                                          
1
 Conventional cement chemistry notation: C=CaO, S=SiO2, A=Al2O3, F=Fe2O3, and H=H2
O.  
portlandite, ettringite, monosulfate and traces of 
hydrotalcite and hemicarbonate, as shown in  
Figure 2. However, the XRD measurements show 
more ettringite than predicted by the model.  
  
   
  
Figure 1: Results from Thermodynamic modelled 
changes during the hydration of a Portland cement 
(a) without and (b) with  
4 wt.% limestone (Lothenbach et al, 2008)  
  
  
  
Figure 2: Measured and predicted 
(thermodynamic modelling) hydrated crystalline 
products as a function of hydration time 
(Lothenbach et al, 2008).  
  
The above review suggests that any hydration 
model simulating the effect of limestone inclusion 
must be capable of predicting the development of 
monocarbonate in place of monosulfate after the 
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depletion of sulfates/gypsum while maintaining the 
stability of ettringite using appropriate chemical 
relationships. The following presents how the 
HYDCEM cement and hydration microstructure 
model (Holmes et al, 2019) can simulate the 
hydration of limestone cements.  
  
3. HYDCEM HYDRATION MODEL  
  
HYDCEM was developed with the user in mind by 
providing clearly laid out and easy to change input 
flat (*.txt) files. The analysis/calculation flow for 
HYDCEM is shown in   
Figure 3. As may be seen, when the input data files 
are read into the model, the analysis follows a 
wellstructured methodology by using multiple 
functions within the main HYDCEM script along 
with preallocation of single precision outputs for 
quicker analysis without a loss of accuracy. The 
data is stored within predefined single column 
vectors with the number of rows equal to the 
number of hourly time steps.   
Using the four input text (*.txt) files, the cement 
phase and gypsum proportions are determined 
using modified Bogue equations (ASTM C150, 
2018). The volume stoichiometries are calculated 
based on the molar mass reaction of the cement 
phase, the molar mass of the phase (C3S, etc.) or 
hydration product (C-S-H, etc.) and the density, all 
of which are customisable by the user.  
The dissolution of the four cement phases are 
calculated using the approach presented by Parrot 
and Killoh (1984) that uses a set of empirical 
expressions to estimate the degree of hydration of 
each phase as a function of time. Previous work 
has shown that the approach gave good 
comparisons with experimental results for any 
temperature shown in Figure 3 (Lothenbach et al, 
2007).   
The change in volume of hydration products, water 
and gypsum are calculated using the volume 
stoichiometries calculated from the molar ratios in 
reactions within using a series of programming 
operations. HYDCEM has implemented accepted 
cement hydration behaviour found in the literature.  
  
   
Figure 3: Diagram of HYDCEM's Matlab functions 
(*.m) and customisable input text files (*.txt)   
3. HYDCEM SIMULATIONS  
To assess the accuracy of HYDCEM simulations, 
comparison were made against the published 
experimentally determined and modelled 
behaviour in Figure 1 and Figure 2 above. Table 1 
shows the cement properties used as input for the 
HYDCEM model based on work by Lothenbach et 
al (2008). Table 2 shows the Parrot and Killoh 
(1984) parameters used to calculate the hydration 
of the four cement phases.  
  
The volume stoichiometry used in HYDCEM for the 
growth of monocarbonate (AFmc) due to the 
addition of calcite/limestone (CaCO3) is shown in 
Equation 2 (Mohamed et al, 2015) where H 
represents water.  
  
1.0𝑉𝐴𝐹𝑚 + 0.12𝑉𝐶𝑎𝐶𝑂3 + 0.347𝑉𝐻                  Eqn. 2  
= 0.6281𝑉𝐴𝐹𝑚𝑐  
  
Table 1: Details of the PC and limestone cements 
(Lothenbach et al, 2008)  
Composition  PC  Limestone  
CaO  63.9  55.0  
SiO2  20.2  0.8  
Al2O3  4.9  0.3  
Fe2O3  3.2  0.3  
CaO (free)  0.93  < 0.01  
MgO  1.8  1.8  
K2O  0.78  <0.01  
Na2O  0.42  <0.01  
CO2  0.26  42.5  
SO3  2.29  0.05  
Blaine 
(m2/kg)  
413  429  
  
Table 2: Parott & Killoh (1984) parameters to 
calculate the hydration of the individual clinker 
phases  
Parameter  C3S  C2S  C3A  C4AF  
K1  1.5  0.5  1.0  0.37  
N1  0.7  1.0  0.85  0.7  
K2  0.05  0.02  0.04  0.015  
K3  1.1  0.7  1.0  0.4  
N3  3.3  5.0  3.2  3.7  
H  1.8  1.35  1.6  1.45  
  
Figure 4 and Figure 5 shows the HYDCEM 
predicted phase assemblages over a 1,000 day 
period (24,000 hrs) for the cements with and 
without limestone using the inputs above. The 
growth of monocarbonate and monosulfate is 
programmed to begin 1) after the depletion of 
gypsum and 2) at one and three days respectively. 
Comparing the HYDCEM simulations with the 
thermodynamic predictions, there is good 
agreement both in terms of volumetric calculations 
and behaviour. Furthermore, the model accurately 
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simulates the behaviour of the ettringite, 
monocarbonate and monosulfate with and without 
limestone.  
  
4. CONCLUSIONS  
  
HYDCEM has been shown to provide reasonably 
accurate predictions of the phase assemblage with 
and without limestone for all four cement phases. 
The phase assemblages produced shown close 
agreement with published thermodynamic model 
predictions for silicate, aluminates and ferrite 
hydrates. HYDCEM therefore provides a very 
useful tool for the study of cementitious materials 
currently and into the future as the cement industry 
continues to seek more environmentally friendly 
materials to include in its products. HYDCEM is 
particularly suited to these developments owing to 
its ease of use both in terms of model structure and 
customisable input and analysis features.  
  
  
Figure 4: HYDCEM phase assemblage with 
limestone  
  
  
Figure 5: HYDCEM predicted ettringite, 
monocarbonate and monosulfate growth with and 
without limestone respectively over a 1,000 day 
hydration time.  
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ABSTRACT 
 
Ongoing work within the nuclear industry is to understand the radiation stability of new materials for waste 
encapsulation and determine any advantages over the currently used cementitious grout.  In this preliminary 
study, the use of essentially calcium-free geopolymers derived from pure metakaolin is investigated. These 
materials are produced by a chemical reaction between an alkali solution and the aluminosilicate precursor 
(metakaolin). Four different Si:Al ratios (1.70, 1.90, 2.25 and 2.50) have been investigated along with two 
different activating alkali ions (Na and K). An experimental investigation involving Na and K based metakaolin 
geopolymer formulations, irradiated with a dose rate of around 300 – 390 Gy min-1 and a total dose of around 
4.70 MGy was conducted. To determine radiation-induced changes to the material, gas adsorption/desorption, 
FT-IR and pXRD techniques were used. The results have revealed significant changes to the structure and 
morphology of the material. In particular, we note a reduction in total porosity and a change in the pore size 
distribution which could affect gas transport properties relevant to radiolysis products from the pore water. We 
observe changes in compressive strength indicative of structural changes within the matrix; an important 
consideration for materials used to immobilize nuclear waste. 
 
1.   INTRODUCTION 
 
Currently, in the UK the preferred method of 
immobilising most intermediate-level wastes is 
through the use of Portland cement (PC) (blended 
with a Secondary Cementitious Material (SCM’s) 
such as blast furnace slag (BFS) or pulverised fuel 
ash – fly ash (FA)) to produce a passively safe 
waste package. It is expected that cementitious 
encapsulation will be continued as part of a suite of 
technologies for waste treatment as the UK 
transitions from reprocessing to broad front 
decommissioning. For the most complex sites 
decommissioning is scheduled to take until 2120, 
and therefore requires long-term security of supply 
of materials to provide an encapsulation matrix with 
the desired properties.  
There are challenges associated with current 
SCM’s, due to the changes in the UK steel industry 
and the significant reduction in coal-fired power 
stations, with the result that the long-term 
guaranteed consistent supply of BFS or FA to the 
required nuclear specification is a significant issue. 
Therefore, alternative materials such as 
geopolymers may offer advantages over 
conventional cementitious systems both in terms of 
a long-term supply and for certain waste streams 
that will require treatment during the 
decommissioning operations. These include:  
The high volume of certain reactive metals  
Oils, sludge, greases and ion exchange resins  
Effluents liquids - cheating reagents 
Lower volume wastes which may significantly retard 
Portland cement (PC) systems (e.g. Zn)  
Particulate solids 
Any alternative method of immobilisation that is 
developed is required to be stable, cost-effective 
and to be able to incorporate larger volumes of the 
above wastes than may be attainable in PC systems. 
Geopolymers could offer an attractive alternative 
option in the immobilisation of such wastes, as the 
exact formulation can be tailored to suit a particular 
application. 
Geopolymers are 3-D aluminosilicate materials 
produced from a condensation reaction between an 
aluminosilicate precursor and an alkali activating 
solution, commonly Na or K. They possess low 
levels of crystallinity and can be considered as 
amorphous zeolites, due to the aluminates and 
silicates being tetrahedrally interlinked. The 
condensation reaction leads to an amorphous 
structure. Even though the reaction is fast, 
nanocrystallites have been observed. The 
geopolymerisation process can be separated into 
three stages, dissolution, polymerisation and 
stabilisation (Sagoe et al. 2007) (Provis & Deventer, 
2007).   
 
2. EXPERIMENTAL 
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Samples were prepared using Metakaolin 
(Metamax- Lawrence industries), potassium silicate 
(k120 - Tennants distribution Ltd), potassium 
hydroxide pellet (Fisher Scientific), sodium silicate 
(extra pure - VWR international), sodium hydroxide 
pellets (Alfa Aesar), and deionised water. 
Hydroxide pellets, silicate solutions and water were 
mixed under low shear (~61 rpm) in a Hobart mixer 
for 15 minutes, then allowed to cool for 24 hours, 
ensuring that room temperature was reached. 
Metakaolin was added and mixed under the same 
low shear conditions, for 20 minutes (Table 1).  
 
Table 2: Molar ratios used for the geopolymers 
formulations (X = Na or K) 
Si:Al H2O:X2O X:Al 
1.70 11.00 1.50 
1.90 11.00 1.50 
2.25 11.15 1.50 
2.50 11.45 1.50 
 
The rheology of the geopolymer grout was 
measured after mixing, using a Rheometer, and 
then cast into cylindrical silicone moulds of 30 mm 
diameter and 115 mm height. These were cured at 
a temperature of 20 °C +/ 1 °C and an RH of 95% 
+/- 5% for 7 days. The FT-IR spectra were obtained 
using a Bruker Vertex 70 with a resolution of 2 cm-1 
between 5000 – 400 cm-1. The pore structure was 
studied with a Micromeritics Tristar II 3020 surface 
area and porosity analyser. Results were collected 
three times for each sample and averaged.  
Gamma irradiation was carried out in a self-
contained 60Co irradiator at the Dalton Cumbrian 
Facility. The irradiation regime involved two periods 
of irradiation due to the availability of equipment. 
The first irradiation period was for 111 hours giving 
a total dose of 2.3 MGy. The second irradiation 
period was for 115 hours, with a total dose of around 
2.39 MGy. Overall, every sample received around 
4.69 MGy, at a dose rate of 300 - 390 Gy min-1 using 
a turntable. The temperature in the irradiator 
chamber reaches 50°C and the effect of heating 
alone will be determined in future work. 
 
3. RESULTS AND DISCUSSION 
All four K-geopolymer formulations exhibited low 
viscosity and highly fluid behaviour (Table 2). This 
is important as the material may need to flow around 
the waste including tortuous pathways to effect 
encapsulation with minimal voidage. For BFS/OPC 
grouts this is typically around 500 mPa.s (106.0 s-1) 
at time zero. Formulations with Si:Al molar ratio of 
1.70 and 1.90 are below this value, whereas 2.25 
and 2.50 are slightly above. For molar ratio of Si:Al 
1.70, 1.90 and 2.25 setting time was within 24 hours, 
whereas for 2.50, the set took longer: between 24 
and 48 hours (Table 2). 
 
 
Table 3: K-Geopolymer setting time and Viscosity 
Si:Al 
Setting time 
(hr) 
Viscosity 
(mPa.s)  
(106.0s-1) 
1.70 24 359.7 
1.90 24 409.2 
2.25 24 614.8 
2.50 24 - 48 614.8 
The Na-geopolymer was a more viscous material 
when compared with K-geopolymer. The workability 
of the material was also difficult. Setting time was 
also different, the formulations with Si:Al molar ratio 
of 1.70 and 1.90 set within 24 hours, whereas 2.25 
took 48 hours. However, Si:Al 2.50 did not set at 
ambient temperature (Table 3). One of the reasons 
for not setting at ambient temperature could be due 
to the addition of extra silicate solution, and 
insufficient alkali to carry out the dissolution of 
Metakaolin as readily as other formulations. 
 
Table 4: Na-Geopolymer setting time and viscosity 
Si:Al 
Setting time 
(hr) 
Viscosity 
(mPa.s)  
(106.0s-1) 
1.70 24 1198.0 
1.90 24 2434.0 
2.25 48 853.1 
2.50 Fail 495.2 
 
The formulation with Si:Al ratio of 2.50 for Na 
geopolymer did not set within 24 - 48 hours at 
ambient temperature, therefore this formulation will 
not be carried forward for further analysis and 
irradiation trials. This is because one of the criteria 
for ILW immobilisation is that the cementitious 
encapsulating material should set within 24 - 48 
hours at ambient temperatures. 
 
3.1 GAMMA IRRADIATION RESULTS 
The XRD analysis (not shown) revealed that all the 
samples have an amorphous structure that did not 
change significantly as a result of irradiation. 
 
 
Figure 3: Isotherms for non-irradiated K-
Geopolymers 
 
The porosity of the material forms a key part in 
understanding the suitability of the material for ILW 
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immobilisation. The K-geopolymer non-irradiated 
samples (Figure 1) all exhibit a type IV isotherm with 
a hysteresis loop which is similar to H2 (a) or H2 (b), 
which indicates that the pore network is complex. 
Gas adsorbed for Si:Al 1.70 is higher compared to 
the other ratios (Figure 1). This can indicate that 
Si:Al 1.70 material may contain larger amount of 
interconnected pores (Thommes et al. 2015). 
 
 
Figure 2: Isotherms for irradiated K-Geopolymers. 
 
All the irradiated K-geopolymer samples have 
similar isotherms (Type III) (Figure 2). Also, the 
isotherms shapes have changed significantly and 
the gas adsorbed is considerably less, when 
compared with the non-irradiated samples 
(Thommes et al. 2015).  
 
 
Figure 3: Isotherm for non-irradiated Na-
Geopolymers 
 
The non-irradiated Na-geopolymer samples (Figure 
3) have also shown isotherms similar to a type IV, 
with a hysteresis loop which is comparable to an H2 
(a) or H2 (b). The gas adsorbed for the non-
irradiated samples (Figure 3) is higher when 
compared with the irradiated samples (Figure 4). 
The change in isotherms also shows that gamma 
radiation has led to significant changes in the pore 
structure. 
 
Figure 4: Isotherm for Na-geopolymer irradiated 
 
3.1.1 ISOTHERM ANALYSIS 
The gas adsorption/desorption isotherm analysis for 
the K-geopolymers shows that the non-irradiated 
samples are mesoporous, meaning the pore 
diameter is predominantly between 2 - 50 nm 
(Calculated by BJH method). The pore width 
distribution for irradiated samples exceeded 100 nm, 
making them macroporous, while also containing 
pores between 2 - 50 nm (mesopores) (Thommes 
et al. 2015). Gamma irradiation caused the pore 
width distribution and average pore size to increase; 
however, the total pore volume decreased (Table 4). 
 
Table 5: Average pore size and pore volume before 
and after irradiation for K-geopolymer. 
 Non-Irradiated Irradiated 
Si:Al 
Averag
e pore 
size 
(nm) 
Total 
Pore 
Volume 
(cm3g-1) 
Averag
e pore 
size 
(nm) 
Total 
Pore 
Volum
e 
(cm3g-
1) 
1.70 7.32 0.27 12.12 0.015 
1.90 5.12 0.12 11.95 0.015 
2.25 5.07 0.23 14.38 0.021 
2.50 5.22 0.05 13.67 0.028 
 
Gas adsorption/desorption analysis for non-
irradiated Na-geopolymers also showed that the 
material is mesoporous with pore diameters 
between 2 – 50 nm. In contrast to the K-
geopolymers, the pore distribution in the irradiated 
samples did not exceed 100 nm (Thommes et al. 
2015). In fact, irradiation led the opposite effect: the 
average pore size decreased. However, the total 
pore volume still decreased, albeit by a small 
amount (Table 5). 
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Table 6: Average pore size and pore volume before 
and after irradiation for Na-geopolymer. 
 Non-Irradiated Irradiated 
Si:Al 
Averag
e pore 
size 
(nm) 
Total 
Pore 
Volume 
(cm3g-1) 
Averag
e pore 
size 
(nm) 
Total 
Pore 
Volum
e 
(cm3g-
1) 
1.70 4.07 0.14 2.80 0.010 
1.90 4.70 0.12 2.50 0.010 
2.25 5.80 0.17 2.90 0.011 
 
3.1.2 FT-IR ANALYSIS 
The FT-IR spectra show broad bands between 3400 
- 3480 cm-1  for both irradiated and non-irradiated 
samples (Na and K-geopolymer), correlating to 
stretching (O-H) and bending (O-H). Figure 5 shows 
an example of one of the formulations Si:Al 1.90 for 
Na and K-geopolymer. This can indicate that there 
is more water in the non-irradiated samples as 
compared to the irradiated samples. This trend was 
noticed across all formulations. 
The pronounced peak at 950 - 1000 cm-1 is 
recognized as Si-O-Si or Si-O-Al asymmetric 
stretching vibration. The change in this peak noticed 
for K-geopolymer suggests that irradiation leads to 
a higher degree of polymerisation and is consistent 
across all formulations, irrespective of the change in 
Si:Al molar ratios. Figure 6 shows an example of 
one of the spectra for formulation (Na and K-
geopolymer) Si:Al 1.90. 
 
Figure 5: FT-IR spectra for K and Na geopolymer 
(Si:Al 1.90) Wavenumber 3400 – 3480 cm-1 
 
 
 
 
 
 
 
 
Figure 6: FT-IR spectra for K and Na-geopolymer 
(Si:Al 1.90) Wavenumber 950 – 1000 cm-1 
For Na-geopolymer the trend was noticed to be 
opposite, irradiation led to a decrease in 
polymerisation and bonding of Si-O-Si or Si-O-Al. 
 
4. CONCLUSION 
 
The analysis shows that the K-geopolymer 
formulation produced a highly fluid system when 
compared with Na-geopolymer. 
FT-IR analysis showed that gamma irradiation led 
to an increase in polymerisation in the K-
geopolymer, irrespective of the change in molar 
ratios, at wavenumber 950 – 1000 cm-1. Conversely, 
the Na-geopolymer showed a decrease in 
polymerization. 
Gas adsorption/desorption revealed that 
geopolymers (non-irradiated) are mesoporous (2 – 
50 nm) with a small volume of macroporosity (>50 
nm) for K and Na-geopolymers. Gamma irradiation 
led to a significant change in the porosity of K and 
Na-geopolymers. Increase in average pore size and 
a decrease in total pore volume was noticed for K-
geopolymer, whereas a decrease in average pore 
size and total pore volume was noticed for Na-
geopolymer. 
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ABSTRACT  
  
Buildings are responsible for more than 40% of total energy consumption and 25% of anthropomorphic derived 
carbon emissions. Hence, the development of energy efficient materials, which help to minimise these issues, 
is important. Phase change materials (PCMs) are known as latent heat storage units, as they can store latent 
heat energy within a specific temperature range. Energy is absorbed when the material changes from a solid 
to liquid state, and released when the material changes back from a liquid to solid state. PCMs can reduce the 
energy requirements of a building by reducing peak demand for either summer cooling or winter heating. PCMs 
also have the potential of reducing the amount of energy lost and increasing thermal comfort in buildings, by 
buffering temperature fluctuations throughout the day. This research explores more efficient ways to host 
PCMs and further develop new methods of encapsulating PCMs and incorporating them into the built 
environment. This paper presents experimental findings from an on-going study investigating how to 
incorporate the PCMs into cement mortars by impregnating PCMs into lightweight aggregates (LWA), to obtain 
high heat-storage capacity granules. Commercial PCMs with melting points at 18°C, 22°C and 25°C were used.  
Methods and conditions for optimal absorption of these PCMs into two types of LWA, aerated concrete and 
perlite have been evaluated. The results show the influence of the microstructure of the LWA, PCM/LWA ratio, 
impregnation temperature and time in the heat storage capacity of the granules. The LWA containing PCMs 
have potential to be incorporated into a variety of building materials, including mortars, plasters, blocks, and 
concrete panels. The compatibility between PCM aggregates and the surrounding matrix, as well as thermal 
performance and structural properties, will be investigated in future work  
 
1.   INTRODUCTION  
  
Phase change materials capture and release 
thermal energy when changing from one phase to 
another allowing them to control temperature 
fluctuations in buildings and increase thermal mass 
(Akeiber et al., 2016). They can store heat gains as 
latent heat within a specific temperature range. The 
use of PCMs allows the building to reduce the 
amount of energy lost and increase thermal comfort, 
by adjusting temperature fluctuations throughout 
the day (Akeiber et al., 2016). They are therefore 
considered latent heat storage units.  
  
Paraffin wax is an organic PCM commonly used as 
a latent heat storage unit, due to its wide range of 
applications (Kalnæs and Jelle, 2015). The 
advantages of using paraffin wax PCM are that it is 
nontoxic, chemically stable and has a high latent 
heat capacity (Rubitherm, 2019).  
  
Several methods have previously been studied to 
incorporate PCMs into construction materials 
(Kalnæs and Jelle, 2015) (Akeiber et al., 2016; 
Baetens et al., 2010). These include directly mixing 
the PCM with the construction material known as 
direct incorporation and microencapsulation, where 
the phase change material is enclosed as a micron 
size particle in an inert organic or synthetic polymer 
(Hawlader et al., 2003). These methods have the 
risk of the PCM leaking whilst in its liquid form 
(Özonur et al., 2005).   
  
The work reported in this paper aims to find a 
suitable method to incorporate the PCM into 
construction materials such as mortar and gypsum 
plaster. The method that has been selected for this 
research soaks commercial lightweight aggregates 
(LWA) in the Phase change material (PCM). 
Vacuum impregnation and immersion are the two 
methods compared. Aerated concrete and perlite 
were selected as potential host granules for the 
phase change material. Once the method of 
impregnating the PCM into the LWA has been 
established the work has aimed to establish the 
optimal conditions for incorporating the phase 
change materials into the LWA, such as: 
impregnation temperature; LWA:PCM ratio and 
absorption time. The granules were then coated 
with a mixture of CEMI cement powder, which 
constitutes 95-100% clinker with the remaining 05% 
minor additional constituents (British Standard 
Publication, 2011) and sodium silicate.  
  
2. MATERIALS AND METHODS  
  
Rubitherm RT was selected as the phase change 
material with the desired characteristics, with 
specific melting points of 18°C, 22°C and 25°C 
(Rubitherm, 2019). The LWA of sizes between 
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0.5mm - 4mm granules were kept in a 50°C oven for 
a minimum of 24 hours to remove any moisture, with 
the aggregates measured for every preceding hour 
until two identical results were obtained. A 50g 
sample of the aerated concrete was placed in a 
mesh container to prevent anything from being lost. 
The phase change material was measured to  
get specific LWA:PCM ratios (Table 1)  
 
 
 
The Immersion test was performed by placing 50g 
of the LWA within mesh and subsequently 
immersed in the phase change material, Rubitherm 
RT18/22/25HC phase change material for 1 hour. 
The phase change material was held in a desiccator 
and kept in a water bath at a temperature of 40°C, 
so it can remain in a liquid phase throughout the 
immersion period. The impregnated lightweight 
aggregate was then removed and surface dried with 
absorbent paper for 5 minutes to remove any phase 
change material attached to the surface. The weight 
of the impregnated LWA was then taken so that the 
absorption by percentage weight can be calculated.  
  
The procedure for the vacuum impregnation test 
was similar to the immersion test, however, there 
was an additional use of a vacuum to remove air 
from the pores of the aerated concrete so that the 
phase change material can be absorbed by force 
into the pores of the aerated concrete. The phase 
change material was poured in to the desiccator and 
placed in the fridge for a minimum of 24 hours to 
solidify. The aerated concrete was then placed in 
the desiccator on top of the solid PCM. The air was 
removed from the pores using a vacuum pressure 
of -82kPa for 1 hour. The temperature at this point 
was kept below the melting temperature of the 
specific phase change material with the use of a 
water bath. After the initial hour the vacuum was 
switched off and the temperature of the water bath 
was increased to 40°C causing the phase change 
material to melt. The lightweight aggregate was 
submerged into liquid phase change material, which 
filled up the pores for 1 hour. The impregnated 
lightweight aggregate was then removed and 
surface dried with absorbent paper for 5 minutes to 
remove any phase change material attached. The 
weight of the impregnated lightweight aggregate 
was then taken so that the absorption by 
percentage weight can be calculated. The Vacuum 
Impregnation test was then repeated for the perlite 
with the same parameters.   
The viscosities of the PCMs were then measured 
using a TA Discovery HR-2 hybrid rheometer to see 
how temperature affected the viscosity of each of 
the PCMs. It was predicted that as the viscosity of 
the PCM decreases it could be easier to force it into 
less accessible pores of the LWA using the vacuum. 
The vacuum test as previously described was 
conducted at a constant viscosity (Table 3). The 
same test was again conducted at a constant 
temperature of 80°C. Another variable to be 
considered is how time would affect absorption. The 
tests were repeated with the granules being allowed 
to absorb the PCM for 2 and 4 hours.  
  
 The PCM impregnated LWA granules were then 
coated using 4 different combinations of CEMI 
cement powder and sodium silicate, to ensure the 
granules were completely coated and Polyvinyl 
Acetate (Table 2). The PCM impregnated granules 
were kept at a temperature of 4°C for the PCM 
within the pores to remain solid. A 550W Bosh 
MUM46A1GB Mixer was used at speed 2 to mix the 
PCM impregnated granules with the coating 
material forming a layer on the surface of the 
granules. The mixing time was set to 15 minutes, as 
this time was deemed sufficient to coat the granules 
evenly. The coated granules were then left to dry for 
a period of 48 hours. Once the coated granules 
were dry they were placed in a 50°C oven to 
measure the amount of PCM which had leaked, 
although in reality the material would never be 
subjected to a temperature this high. This method 
was conducted following the PCM retention test 
conducted by Kastiukas et al., 2016.  
  
3. RESULTS AND DISCUSSION  
  
The current results indicate that vacuum 
impregnation is more efficient in impregnating the 
lightweight aggregate, particularly for the phase 
change materials with a higher melting temperature. 
It is seen when handling the phase change 
materials that the phase change materials with a 
higher melting temperature also have a higher 
viscosity, at the specific temperature chosen 40°C. 
This is the reason that the vacuum method has a 
greater impact on the percentage weight absorption 
of Rubitherm RT25HC when compared to 
Rubitherm RT18HC. The vacuum method is more 
effective than simple immersion when the viscosity 
of the phase change material is higher.  
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The data shown in Figures 1 – 3 and 5 – 8 are an 
average of results obtained from three tests with the 
standard deviation shown in the form of error bars. 
Some error bars cannot be seen due to a very low 
standard deviation.  
  
(a)  
  
(b)  
  
(c) 
 
Figure 1: (a)Rubitherm RT18HC (b)Rubitherm RT22HC 
(c)Rubitherm RT25HC. Comparison of Vacuum Impregnation 
and Immersion.  
  
The results also show that the higher the ratio the 
greater the percentage by weight absorption, with 
the graphs for all the tests showing the highest 
absorption for a ratio of 1.0. Figures 1 (a), (b) and 
(c) indicate that increasing the amount of phase 
change material will not necessarily mean a 
comparable increase in the rate of absorption, as 
the graphs are not linear.   
  
With vacuum impregnation found to be the more 
suitable method of incorporating the PCM within the 
pores of the LWA further tests were conducted to 
find the optimum PCM:LWA ratio. Figure 2 identifies 
a ratio of 1.3 from which the percentage absorption 
wt. does not increase. Therefore, a ratio of 1.3 has 
been used as the optimum impregnation ratio for the 
absorption of Rubitherm RT into aerated concrete 
using vacuum impregnation.  
  
  
Figure 2: Optimum impregnation Ratio for the 3  
PCMs, The optimum point is found to be 1.3.  
  
Figure 3: Comparison between the percentage volume 
absorption of aerated concrete and perlite at different volume 
ratios.   
  
When a comparison is made between Aerated 
Concrete and Perlite using percentage weight initial 
observations show perlite to significantly outperform 
the aerated concrete. However, perlite is a much 
lighter material than the aerated concrete and 
therefore occupies a much larger volume of space 
than aerated concrete for the same mass. This is of 
importance when the granules are mixed into mortar 
as the PCM granules will replace the standard sand 
within the mortar by percentage volume. A 
comparison has been done to analyse how much 
PCM has been absorbed in the same volume of the 
LWA. Figure 3 shows the aerated concrete to have 
absorbed a larger amount of PCM at each of the 
volume ratios tested. At a ratio of 1 the percentage 
volume absorption of perlite is 8.6%Vol. compared 
to 17.3%Vol. of aerated concrete. At a ratio of 1.5 
the percentage volume absorption of perlite is 
9.8%Vol. compared to 17.6%Vol. of aerated 
concrete. The optimum LWA:PCM mass ratio has 
previously been identified as of 1.3. When this mass 
ratio is converted into a volume ratio a value of 0.5 
is obtained. Figure 3 shows the volume absorption 
from this point to a volume ratio of 1.5. This was 
carried out to explore potential increase in the 
volume absorption of perlite. Following these results 
it was assumed that the optimum impregnation ratio 
(vol.) was below 0.5, making it a less effective 
carrier for the PCM than aerated concrete. 
Therefore, the material was no longer used.   
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The rheometer viscosity test was conducted to 
explore how temperature affects the viscosity. It 
was hypothesised that as the viscosity of the PCM 
decreases it would be easier to force it into less 
accessible pores of the LWA using the vacuum. 
Figure 4 displays how an increase in temperature 
decreases the viscosity of the PCM.  
  
  
Figure 4: Viscosity test using a rheometer. Analysing how 
increasing the temperature would affect the viscosity of the three 
PCMs.  
  
Previous works have used a temperature of 40°C to 
produce the PCM in a liquid form. This could have 
been done with the idea that once the PCM is liquid, 
absorption would be possible as the temperature is 
significantly higher than the melting temperature of 
the PCM. Figure 4 shows that the viscosity of all 
three PCMs decreases as the temperature 
increases. It also shows that at a specific 
temperature (i.e. 40°C) the viscosities of all three 
PCMs are different. This indicates that viscosity 
could be a variable affecting both the absorption of 
the PCM into the granules and the difference in %Wt. 
absorption for the three PCMs, when the LWA:PCM 
ratio and impregnation temperature are kept 
constant. Table 3 displays the specific difference in 
viscosities at 40°C and the increase in temperature 
required to get a constant viscosity of 0.0036Pa.s.  
  
Table 3. Viscosity and Temperature of the PCMs at 
40°C and 0.0036Pa.s  
PCM  Temperature °C  Viscosity 
Pa.S  
Rubitherm 
RT18HC  
40  0.0036  
Rubitherm 
RT22HC  
40  0.0046  
Rubitherm 
RT22HC  
53  0.0036  
Rubitherm 
RT25HC  
40  0.0047  
Rubitherm 
RT25HC  
  
56  
  
0.0036  
  
  
In order to form a comparison between temperature 
and viscosity control for the absorption, the 
absorption tests were conducted at a viscosity of 
0.0036Pa.s.  
  
The data in Figure 5 shows a very slight increase in 
the absorption of the PCM for Rubitherm RT22HC, 
2.57% and Rubitherm RT25HC, 3.87% with a 
constant viscosity. The value for Rubitherm 
RT18HC remains the same when the standard 
deviation is considered as the temperature for both 
tests was 40°C. Increases in absorption could be 
considered negligible as temperature is easier to 
control than viscosity.  
  
 
Figure 5: Comparison of absorption at constant viscosity and 
constant temperature.   
  
An alternative approach was to significantly 
increase the impregnation temperature. This test 
has initially only been done for Rubitherm RT25HC 
as it showed the highest increase in absorption 
when the temperature was increased. The 
temperature was increased to 80ᵒC as at this point 
in Figure 4 each of the PCMs reach its most viscous 
point.  
  
 
Figure 6: Comparison of absorption of Rubitherm R25HC at 
40°C and 80°C.  
  
When comparing the effect of temperature on the 
PCM absorption, Figure 6 shows that at a lower 
PCM:LWA ratio the %Wt absorption is similar at a 
temperature of 80°C and 40°C. However, there is 
more absorption at 80°C than 40°C when there is 
more PCM available to be absorbed. An explanation 
for this could be when there is more PCM available 
to be absorbed at a higher LWA:PCM ratio the 
vacuum forces the PCM into the less accessible 
pores of the LWA more easily when the viscosity is 
lower. Further work is needed to determine whether 
increasing the optimum impregnation temperature 
to 80°C would have as significant impact on the 
absorption of Rubitherm RT18HC and Rubitherm 
RT22HC.  
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To analyse whether the variable of time would affect 
the amount of PCM absorbed the time allowed for 
absorption was increased to 2 and 4 hours once the 
vacuum had been switched off. The PCM material 
used for this test was Rubitherm RT22HC.   
  
  
Figure 7: Effect of time on the amount of Rubitherm RT22HC 
into aerated concrete using vacuum impregnation.  
  
Figure 7 shows that increasing the absorption time 
has an effect on the amount of PCM absorption. 
However, difference in absorption between 1 hour 
and 2 hours is 3.7%, whilst the difference between 
1 hour and 4 hours is 6.8%.These results indicate 
that aerated concrete reaches close to its full 
absorption potential within the first hour, when the  
PCM:LWA ratio is 1.3 and the vacuum impregnation 
temperature is 40°C. When the additional amount of 
PCM absorbed over this time is compared to the 
time required for this to take place, the additional 
absorption is not considered a productive use of 
time.  
  
The selection of the coating material was dependant 
on the material which allowed the least amount of 
PCM to leak out. Based on the results in Figure 8, 
and a visual analysis of the coated granules, a 
combination of sodium silicate and CEMI cement 
powder showed the most promising results. The 
visual analysis showed the granules were 
completely coated without any gaps and the data for 
the leak test shows the lowest amount of PCM 
leaked in a single cycle.  
  
Figure 8: Amount of PCM leaking from a material during a single 
cycle using different coating materials.  
  
Further  work  Including Scanning Electron 
Microscopy (SEM) will need to be conducted on the 
coating material and testing the leaking of the PCM 
over several feeze-thaw cycles. Further to this point, 
future work will include manufacturing of mortars 
with a percentage of standard sand replaced 
according to BS EN 196-1.  
Once the mortars have been manufactured the, 
thermal, physical and mechanical properties of the 
material will be analysed.  
  
4. CONCLUSION  
The following conclusions can be drawn from the 
results obtained thus far:  
Vacuum impregnation is a more effective method of 
absorbing the PCM into the LWA than immersion.  
The optimum impregnation ratio using a aerated 
concrete LWA and a temperature of 40°C is 1.3.  
The viscosity of the PCM does have an influence on 
the amount of PCM absorbed although at lower 
temperature this is less significant.  
The time allowed for absorption does have an effect 
on the amount of PCM absorbed, however this 
amount of absorption isn’t considered substantial 
enough when compared to the additional time 
required.  
A combination of sodium silicate and cement 
powder does produce an effective coating to 
prevent the PCM from leaking from the LWA 
although this requires further testing.  
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ABSTRACT 
 
The chemical phenomena that characterize cement hydration are quite complex and interdependent, and even 
after almost two centuries of studies, they are still subject to debate. 
This difficulty becomes even more challenging with complex mixtures combining different hydraulic binders. 
XRD have been widely used for analyses of crystalline phases in both anhydrous and hydrated cements, but 
only advanced NMR can provide quantitative description of non-crystalline phases. 
In this work, the structural modifications occurring during hydration of a fast-setting ternary binder based on 
white Portland cement, white calcium aluminate cement and calcium sulfate were investigated. We particularly 
focused on the early stage of the hydration up to 28 days, working with samples whose hydration was 
controlled and stopped. 
27Al MQ-MAS NMR experiments as well as editing techniques as {1H}-27Al and {1H}-29Si Cross Polarization 
MAS NMR were combined to distinguish all the aluminum and silicon species formed during the hydration. 
The consumption of initial products as well as the precipitation of hydraulic phases (Ettringite, monosulfate, 
Stratlingite, CSH and CASH) were unambiguously quantified.  
Finally, the drawing of the consumption and formation of phases was correlated with mechanical strength 
measurements 
  
 
1.   INTRODUCTION 
 
Ternary binders based on ordinary Portland cement 
OPC, calcium aluminate cements CAC and calcium 
sulfates C$, are used as rapid setting cements with 
high early age strength. 
In order to understand the strength development of 
these binders, it is important to understand their 
hydration mechanisms and the kinetic of formation 
of the hydration products. In the early stage of 
hydration, i.e. the 24 first hours, aluminates phases 
are predominant but their evidence by the 
commonly used XRD techniques is difficult. 
In this work, a panel of high resolution solid state 
Nuclear Magnetic Resonance techniques were 
applied to study the ternary binder hydration. 27Al 
and 29Si MAS NMR experiments allow the 
highlighting and unambiguous quantification of 
silicates and aluminates species even at early stage 
of hydration.  
 The consumption and formation of phases was 
followed ex-situ on samples hydrated between two 
hours and 28 days.  
 
 
 
 
2. MATERIALS AND METHODS 
2.1. MATERIALS 
 
Our system is composed of Portland cement 
(CEM II 52.5 N white Le Tail) and calcium aluminate 
cement CAC (Ternal White) obtained from Lafarge-
Holcim cement Co. and IMERYS cement Co. 
respectively. The main source of calcium sulphate 
was anhydrite originated from SMA Faulquemont. 
CAC was mainly composed of calcium aluminate 
(CA) and calcium di-aluminate (CA2) while White 
OPC was composed of alite (C3S), Belite (C2S) and 
tri-calcium aluminate (C3A). Their mineralogical 
compositions have been initially determined by 
Rietveld XRPD analysis. The proportions of the raw 
materials in the anhydrous cements are reported in 
Table 1.  
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Table 1. Mineralogical composition of the white 
Portland cement and the calcium aluminates 
cement 
 White 
OPC 
CAC Anhydit
e 
 Wt.% Wt.% Wt.% 
C2S 19.1   
C3S 71.2   
C3A 3.89   
C4AF 0.74   
Anhydrite 2.08  100 
Calcite 1.5   
Lime 1.02   
Other 0.48 0.7  
CA2  41.76  
CA  55.78  
Corundum 
(Al2O3) 
 0.44  
Gehlenite C2A$  1.27  
The homogeneous mixtures were hydrated in 
endogenous conditions to avoid their carbonation, 
then stopped by solvent exchange method [1], using 
acetone. The pastes were mashed then dipped in 
acetone for 15 minutes before being filtered on a 
Büchner filter. In a last step, the powders were dried 
in a vacuum (10-3 bars) for 15 minutes. The obtained 
samples were then characterized shortly after the 
hydration stoppage to prevent any possible 
evolution or contamination with atmospheric CO2. 
 
2.2. METHODS 
 
All the samples have been characterized by high 
resolution solid state 29Si and 27Al NMR. In addition 
to the quantitative 1D MAS NMR spectra, 27Al 
shifted echo MQ-MAS [2] providing very high 
resolution 2D spectra and 1H-29Si and 1H-27Al CP-
MAS [3] experiments allowing the selective 
observation of nuclei in the hydrated phases were 
conducted.  
All the 29Si MAS NMR experiments were acquired 
on a Bruker AVANCE 400MHz spectrometer at a 
spinning rate of rot=10kHz, while 27Al MAS NMR 
experiments were acquired on a Bruker AVANCE 
850MHz spectrometer and rot=30kHz. 5ms and 
500µs were used as contact time for 1H-29Si and 1H-
27Al CP-MAS respectively. All the spectra obtained 
were simulated using the DMFit software [4].  
 
 
 
 
 
 
 
 
 
 
 
 
3. RESULTS AND DISCUSSION 
 
The figure 1 shows an example of 27Al MAS 
quantitative spectra with its deconvolution obtained 
for a three days hydrated sample. 
 
Figure 1. Experimental and simulated 27Al MAS 
spectra of ternary mixture hydrated for three 
days with the complete deconvolution and 
assignment 
The signals extend on two different ranges of 
chemical shifts. The first one going from 0 to 20 ppm 
corresponds to aluminum six-fold coordinated to 
oxygen (AlO6) mostly present in hydrated phases. 
The second domain going from 50 to 90 ppm 
corresponds to aluminum four-fold coordinated to 
oxygen (AlO4) encountered in both anhydrous and 
hydrated aluminate phases. The assignment of the 
different components was based on spectra of pure 
phases when possible or on literature. 
Hence, the tetrahedral environments were assigned 
to the two most abundant anhydrous phases, the 
calcium aluminate and calcium di-aluminate. Two 
peaks of calcium aluminate silicate hydrates [5] 
CASH were also detected at 68.5 and 74.5 ppm as 
well as the tetrahedral peak of the Stratlingite at 
62.0 ppm [6]. 
In the octahedral part of spectra, two peaks at 13.5 
and 13.1 ppm correspond of aluminum in Ettringite 
[7], two others at 10.9 and 9.0 ppm were attributed 
to AFm phases and finally a signal at 10.2 ppm 
corresponds to the hexacoordinated aluminum of 
the Stratlingite [6]. 
 
(ppm)
0102030405060708090
Ternary 1 hydrated for 3 days
CA
CA2
CASH
CASH
AlO6
AlO4
stratlingite
Ettringite
AFm
AFm
Simulation
Experimental 
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Figure 2. Experimental and simulated 29Si MAS 
spectra of ternary mixture hydrated for three 
days with the complete deconvolution and 
assignment 
 
 
The figure 4 shows the example of experimental 29Si 
spectrum of a three days hydrated then stopped 
sample with its simulation and the complete 
assignment of the different components. The signal 
extends on chemical shifts range from -60 to -95 
ppm corresponding to Q0, Q1 and Q2 species, i.e. 
silicon surrounded by 4, 3 and 2 non-bridging 
oxygen respectively. Its simulation evidences 4 
peaks located between -64 and -76 ppm that can be 
assigned to Q0 species of the different polymorphs 
of C3S and C2S [8]. Three small bands located at -
73.5, -77.0 and -80.4 ppm are coherent with calcium 
silicate hydrates environments [8]. Finally, the three 
signals centered at -84.5, -86.5 and -91.5 ppm, 
have been attributed to the different Q2 
environments of Stratlingite according to Santacruz 
et al [6]. 
Based on these assignments all the 27Al and 29Si 
MAS spectra acquired for samples hydrated from 2 
hours to 28 days were simulated allowing to trace 
the kinetic of disappearance of aluminum and 
silicon in the initial phases and formation of 
aluminum and silicon species in hydrated phases as 
a function of time. These results are shown on 
Figures 2 to 4. 
 
 
Figure 2. Kinetic of aluminium in anhydrous 
aluminate phases consumption from 0 to 28 
days   
 
 
Figure 3. Kinetic of aluminate hydrates 
precipitation between 2 hours and 28 days  
 
In view of the curves, the hydration process of our 
system seems to be divided into four reaction 
stages. 
During the first stage i. e. the 12 first hours of 
hydration, CA’s dissolution is very quick (almost all 
the phase has disappeared after 12h) while the 
CA2’s dissolution is slower. The released calcium 
and aluminum combined instantly with sulfate 
species to form Ettringite and the AFm phases. 
These two phases keep growing rapidly above the 
time and the Ettringite reaches a maximum at 12 
hours.  
In the same time, C3S silica proportion starts 
decreasing while C2S remains untacked, it follows 
a slow precipitation of silicate hydrates Stratlingite 
and CASH.  
From 12 hours to 3 days, the CA dissolution marks 
a sharp slowdown while the consumption of CA2 
increases. The Ettringite alumina proportion starts 
decreasing probably in favor of AFm phases that 
keep to increase but more slowly. In the same time 
C3S and C2S start to react significantly releasing 
silicon in the system. It results an important 
precipitation of Stratlingite while CASH, observed 
both by 27Al and 29Si NMR increase slowly and 
reach a plateau at about 3 days.  
 
-100-90-80-70
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b and g polymorphs of C2S
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of C3S
Q2
Q1
Q2(1Al)
Q2(2Al) Q2(0Al)stratlingite
CSH
CSH
CSH
Experimental 
spectrum 
Simulation
ppm
 42 
 
 
 
Figure 5. Kinetic of anhydrous silicate phases 
consumption from 0 to 28 days   
 
 
Figure 6. Kinetic oh silicate hydrates 
precipitation from 0 to 28 days  
 
Between 3 and 14 days CA and CA2 end up 
dissolving; they have completely disappeared at 10 
days. In parallel Ettringite keeps to decompose and 
AFm precipitation increases. In the same time, C3S 
and C2S dissolution continues with the same rate. 
Stratlingite shows a very similar kinetic profile seen 
by both 29Si and 27Al MAS NMR, and keeps to 
increase to reach its maxima at 14 days. On the 
contrary, while 27Al signal attributed to CASH 
reached a plateau, 29Si signal increases rapidly 
indicating the formation rather of CSH than of CASH.  
This could be explained by the lack of alumina in the 
system comparing to the first 24 hours of hydration, 
contrary to the silicon which is now more available. 
Within 14 days, the anhydrous CA and CA2 having 
completely disappeared, there is no newer 
aluminum intake. The disappearance of Ettringite 
stops at the same time that the formation of AFm 
has reached a plateau. The precipitation of 
Stratlingite also stagnates both from the point of 
view of 27Al and 29Si. Only C3S and C2S continue to 
dissolve slowly bringing silicon into the medium that 
precipitate in CSH.  The kinetic is slowed down and 
almost stabilized. 
 
 
 
   
CONCLUSION 
 
In this work, the hydration of a white OPC-CAC-
calcium sulfate ternary binder was investigated 
using high resolution 27Al and 29Si MAS NMR from 
the very early stages to 28 days. The simultaneous 
or consecutive precipitation of hydrated phases 
such as Ettringite AFm, Stratlingite and CASH 
phases were highlighted in parallel with the 
dissolution of the anhydrous components Four 
different steps seems to emerge that could be 
related to mechanical strength properties. 
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ABSTRACT 
Crack formation is one of the main causes of deterioration in cement and concrete. Cracks in the cover zone 
lead to fluid ingress and subsequent modification of the pH of the cement matrix. This, in turn may result in 
disruption to the passive film that protects steel reinforcement, the onset of rust formation and the overall safety 
of a concrete element being compromised.  
In this work, we present a comparison between cement mortar mixes using ordinary Portland cement (CEM I) 
with different replacements of supplementary cementitious materials typically used in the construction industry: 
silica fume, ground granulated blast-furnace slag (GGBS) and pulverised fuel ash (PFA). Samples were 
subjected to mechanical damage to open micro-cracks and then placed in a healing bath to trigger autogenous 
self-healing. The latter occurs via the additional formation of calcium (aluminium) silicate hydrates (C-(A)-S-H) 
due to further hydration of the starting reactants. Micro-structure characterisation analysis, powder X-Ray 
diffraction (XRD) and thermogravimetric analysis (TGA/DSC) were used to identify and quantify the hydration 
products pre- and post-healing. Pore structure and physical property measurements (i.e. open porosity, density, 
water absorption and sorptivity) were used to determine the effectiveness of the self-healing process in 
reducing crack-widths and recovering the water-tightness of the mortar matrix post-healing.   
 
 
1. INTRODUCTION 
Crack formation in cementitious building materials 
is a common phenomenon, which can occur either 
on the surface or inside structural elements. Cracks 
are often related to a structure’s deterioration as 
they facilitate water ingress, hence triggering 
reinforcement depassivation leading eventually to 
reinforcement corrosion (Liu and Shi, 2011). The 
exposure of pores containing water and salts to a 
temperature gradient may result in crystallisation of 
the salts, the expansive nature of which is sufficient 
to induce microcracking in the cement matrix 
(Espinosa-Marzal et al., 2011). 
 
A number of technologies have been studied and 
developed to prevent cracks formation or to provide 
cracks closure. So-called self-healing concrete 
provides a solutions to repair cracks at different 
scales. Micro-cracks could be sealed by adding 
microcapsules that contain a healing agent into the 
fresh paste (Ferrara et al., 2018). Recently, bacteria 
have also been used as a crack healing technique 
via the inclusion of bacteria spores and nutrients in 
the fresh paste. The formation of cracks allows 
water to penetrate into the cementitious matrix, 
therefore stimulating the bacteria to precipitate 
calcium carbonate using the calcium hydration 
products which are already present in hydrated 
concrete (i.e. portlandite(Ca(OH)2)). The 
precipitation of calcium carbonate from this process 
contributes to crack blockage (Wang et al., 2014). 
Other researchers examined external intervention 
methods for healing damage. (Gardner et al., 2017) 
investigated the self-healing capability of flowing 
healing-liquid agents (i.e. cyanoacrylate) into hollow 
channels within cement and concrete specimens. 
Cracks can be mechanically closed as well by using 
shape memory polymers tendons, placed in 
concrete elements during casting. At the onset of a 
crack, the tendons are heated to trigger the shape 
memory effect and close the crack by exerting a 
compressive force across the crack plane (Teall et 
al., 2017).  
Self-healing properties of fibre reinforced cement 
using plastic fibres (e.g. polyvinyl alcohol, 
polypropylene, etc) have been investigated 
(Nishiwaki et al., 2014). The fibres act as crack-
bridges and their high specific surface area offer 
additional nucleation and growth sites for the 
formation and precipitation of further hydration 
products.  
 
Supplementary cementitious materials (SCM) are 
industrial by-products (e.g. manufacturing industry, 
excavation and mining sites etc.). Their 
amorphousness and elevated specific surface area 
provide a nucleation site for the formation of calcium 
silicate hydrate (C-S-H) from unreacted reactants. 
The usage of SCM as cement replacement is 
regulated by international standards, and their 
usage is widely encouraged as a viable 
environmental friendly solution.  
In this study we investigated the self-healing 
capability of mortar cement partially replaced by 
silica fume, pulverised fuel ash and grounded 
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granulated blast-furnace slag. Further hydration and 
additional formation of hydrated minerals is 
evaluated by water transport properties and thermal 
and mineralogical analysis. 
 
2. MATERIALS AND METHODS 
Cement mortar was prepared using ordinary 
Portland cement CEM I (strength class 52.5 MPa), 
silica sand, at sand to binder ratio (s/b) of 3, and 
deionized water at water to binder ratio (w/b) of 
0.45. Portland cement was partially replaced by 
supplementary cementitious materials (SCM) at 
different percentages. Commercially available 
SCMs were used; amorphous silica fume (SF), 
ground granulated blast-furnace slag (GGBS) and 
pulverized fuel ash (PFA). Samples and 
replacement proportions are reported in Table 1. 
The percentage of replacement was chosen in 
agreement to the highest content allowed by BS 
EN197.  
 
Table 1. Sample ID name and mixing proportions of cement 
replacement using silica fume (SF), pulverised fuel ash (PFA) or 
ground granulated blast-furnace slag (GGBS).   
Sample OPC  SF  PFA GGBS  
name (%) (%) (%) (%) 
OPC 100 - - - 
S 90 10 - - 
P 70 - 30 - 
B 50 - - 50 
 
Mortar paste was mixed according to the BS EN 
196-1 and cast into steel moulds of 25 x 25 x 25 mm. 
After 24 hours specimens were demoulded and 
cured for 28 days in a sealed environment at 95% 
relative humidity and 20 °C to prevent carbonation 
(Cerveny et al., 2011).  
After curing, the samples were gently oven-dried at 
55 °C until no further change in weight was recorded 
(Zhang and Scherer, 2011). Specimens were then 
subjected to mechanical damage, using a uniaxial 
loading cell with a load up to 90% of the maximum 
peak before failure, to cause micro-cracks and 
internal damage. The cubes were then placed in a 
static healing bath of deionised water to promote 
further hydration and crack-healing.  
Physical characteristics and water transport 
properties (sorptivity) were measured in (u) 
undamaged conditions (after curing), (d) damaged 
conditions (after mechanical loading and micro-
cracking), and (h) healed conditions (after 60 days 
in deionised water).  
Mineral composition by means of X-ray diffraction 
measurements and thermogravimetric analysis 
were conducted on samples at damaged (d) and 
healed (h) conditions.  
The sorptivity test measures the water uptake 
through the capillary rise effect in the pore structure 
with time. The test was used to determine the 
healing capability of the different mixes. For each 
mix, three samples were used. The samples were 
placed in a container with 1 mm of their bottom 
surface in contact with deionised water. The water 
uptake was measured indirectly through the sample 
weight increase with time, over a period of 100 
minutes at defined intervals. The methodology was 
adapted from the HAMSTAD Round Robin test 
method (Ioannou, Hamilton and Hall, 2008). The 
same test method was followed to perform open 
porosity measurements, bulk density and matrix 
density on three specimens for each mix, at each 
stage ((u), (d) and (h)).  
Powder X-ray diffraction patterns were collected 
from 5° to 60° 2 at a rate of 1°/min and a step size 
of 0.02 °2.  
Thermal analysis were used to quantify mineral 
phases due to the healing process and further 
hydration. TGA/DSC curves were collected from 25 
°C to 1000 °C at a heating rate of 10 °C/min under 
constant nitrogen flow. The mass loss was 
calculated using the tangent method (Matschei, 
Lothenbach and Glasser, 2007) at three different 
temperature ranges; 90-150 °C, temperature range 
of pore-water evaporation, and the decomposition 
of both C-S-H and ettringite; 440-440 °C, 
dehydroxilation of portlandite and 660-700 °C, 
decomposition of carbonated products (Maddalena, 
Hall and Hamilton, 2019). TGA mass loss at the 
specific temperature range was used to estimate 
the mineral phase relative content on damaged 
samples, condition (d), and healed samples, 
condition (h). 
 
3. RESULTS AND DISCUSSION 
 
The physical characteristics of the different mixes 
are reported in Table 2. The porosity and the density 
values are typical of mortar and concrete matrices. 
The pore volume, measured as open porosity () 
and the material density values (bulk and matrix 
density) are constant throughout the three stages 
(undamaged, damaged and healed). The water 
uptake after 100 minutes decreased by ca. 24% in 
sample OPC, and by ca. 50% in sample S, P and B, 
with 10%, 30% and 50% replacement of SF, PFA 
and GGBS respectively. The measurement of open 
porosity provides an estimate of the accessible pore 
volume but does not take into account pores with an 
average diameter at the micro-scale.  
 
Table 2. Average values of open porosity (, bulk density (, 
matrix density (mat), and water uptake at 100 minutes (W100) in 
undamaged (u), damaged (d) and healed (h) conditions.  
Sample    mat W100 
name  (%) (g/cm3) (g/cm3) (g/mm210-3) 
OPC 
(u) 0.18 2.05 2.49 4.2 
(d) 0.18 2.03 2.47 4.1 
(h) 0.19 2.03 2.51 3.3 
S 
(u) 0.17 2.02 2.44 4 
(d) 0.18 2.01 2.43 3.7 
(h) 0.19 2.00 2.46 2 
P 
(u) 0.19 2.01 2.46 4.1 
(d) 0.19 2.02 2.49 4 
(h) 0.20 2.02 2.51 2.9 
B 
(u) 0.18 2.01 2.46 4.5 
(d) 0.18 2.00 2.46 4.3 
(h) 0.19 2.01 2.48 2.9 
 
Conversely, the reduction in water uptake (W100) 
suggested that self-healing due to further hydration 
took place most probably in the micro-pores. The 
 45 
sorptivity curves for OPC and sample P are reported 
in Figure 3. 
 
 
Figure 3. Water uptake recorded during sorptivity measurements 
for sample OPC and sample P (30% replacement of PFA) as a 
function of time, in undamaged (d), damaged (d) and healed (h) 
conditions.  
 
While the water uptake values at 100 min are similar 
for undamaged (u) and damaged (d) conditions due 
to the size of the sample, their slope is different in 
the two cases. The decreased rate of water 
absorption in samples OPC(h) and P(h) shows the 
effect of further hydration, reducing the pore volume 
and crack spacing by formation of C-S-H or calcium 
carbonate.  
The formation of C-S-H is balanced by a reduction 
in portlandite, naturally present in hydrated cement 
paste, since silica reacts with Ca(OH)2 and water to 
form C-S-H.  
XRD patterns of sample OPC damaged (d) and 
healed (h), and sample P (30% PFA) damaged (d) 
and healed (d) are shown in Figure 4. The peaks at 
ca. 18°, 34° and 47° 2 are the reflection of 
Portlandite crystals. A reduction in intensity is 
observed, suggesting that portlandite was 
consumed to form additional C-S-H. The patterns 
showed also an increase in intensity of the peaks 
associated to C-S-H, at ca. 29°, 32°, 50° and 55° 2.  
 
 
Figure 4. X-Ray diffractogram of sample OPC and sample P 
after mechanical damaging (d) and after 60 days in healing bath 
(h). [Only the major mineral phases are indicate]. 
 
Further evidence of C-S-H formation, followed by a 
reduction in portlandite is shown in Figure 5. 
Thermogravimetric (TG) curves and differential 
scanning calorimetry (DSC) response are reported 
for sample P (30% PFA) damaged (d) and healed 
(h). In this graph, downward DSC peaks indicate 
exothermic reactions, while upwards peaks indicate 
an endothermic reaction. In case of OPC 
replacement by PFA, we found that an increase 
weight loss in the temperature range 90-150 °C, 
associated to evaporation of pore water and 
dehydration of C-S-H, indicated a higher amount of 
C-S-H present in the sample P(h) in agreement with 
(Garbev et al., 2008). The formation of C-S-H is 
possible because of the consumption of portlandite, 
as shown in the thermal step 410-440 °C 
(Maddalena and Hamilton, 2017). The relative mass 
loss change, between damaged (d) and healed (h) 
conditions, calculated for all the mixes (OPC, S, P 
and GGBS) at each thermal step is reported Figure 
6.  
 
 
Figure 5. Thermogravimetric analysis (TGA) and differential 
scanning calorimetry measurements for sample P (30% 
replacement of PFA) in damaged (d) and healed (h) conditions. 
[TGA: continuous line. DSC: dashed line].   
 
The additional formation of C-S-H is more 
significant in sample mixed with PFA and GGBS. 
This is due to their chemical composition and their 
high pozzolanic reactivity. Samples prepared with 
GGBS showed an increase in C-S-H by ca. 44% 
and a reduction in calcium carbonate by 22%.  
Silica fume samples did not show a significant 
increase in C-S-H (5%) but rather an increase in 
carbonated products, balanced by a reduction in 
portlandite (-17%).  
 
 
Figure 6. Phase content relative change (at damaged and 
healed conditions) calculated from TGA loss mass 
measurements at three different temperature ranges, 90-150 °C, 
410-440 °C and 660-700 °C respectively.   
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The water absorption rate for the silica fume 
however, showed a similar behaviour to the other 
mixes (PFA and GGBS), suggesting that silica fume 
improved the self-healing through its physical filling 
effect (Quercia et al., 2012).  Finally, the mix with 
PFA resulted in a higher reduction of portlandite (-
53%) and an increase of C-S-H of ca. 32%. 
 
4. CONCLUSIONS 
This work investigated the self-healing capability of 
OPC mortar mixes partially replaced by 10% of 
silica fume, 30% PFA, and 50% GGBS. it has been 
found that the reactivity of SCM mixes promoted the 
formation of additional calcium silicate hydrate (C-
S-H) which decreases their water absorption rate by 
ca. 50%.  
The results showed that each SCM promoted the 
self-healing through different mechanisms (specific 
surface area, chemical composition, pozzolanic 
reactivity), indicating that ternary replacement 
combining different percentages of SF, PFA and 
GGBS could further enhance the self-healing 
capability of cementitious materials.  
Further work will investigate the pore size 
distribution at the micro-scale using mercury 
intrusion porosimetry (MIP) measurements. 
Scanning electron microscopy will be also used to 
characterise the healing products in cracks and 
pores.  
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ABSTRACT 
 
 With the objective of quality assessment, cracks on concrete buildings  have  to  be identified and 
monitored continuously. Due to  the availability of cheap devices, techniques based  on  image  
processing have been gaining in popularity,  but  they require a rigorous analysis of large amounts 
of data. Moreover, the detection   of fractures in images is still a challenging task, being these 
structures sensitive to noise and to changes in environmental conditions. This paper proposes a 
variational method to detect cracks in images along with a parallel implementation on heterogeneous 
High Performance Architectures aiming both at automatizing  the  whole  process  and  at  reducing  
its  execution time.
 
1. INTRODUCTION 
 
The concrete infrastructure requires a constant 
monitoring due to the deterioration caused by 
several factors. In current practice the 
detection of defects is absolved manually by 
inspectors, but this modality is time consuming 
and error prone (Protopapadakis et al., 2019; 
Dams et al., 2017). This task is critical also for 
assessing the concrete quality (Lee et al., 
2016). Due to availability of cheaper devices, 
image-based techniques have been gaining in 
popularity, but they require large  volumes of 
data to be processed as quickly as possible. 
The detection of fractures is still challenging in 
image processing. The main reasons are that 
they have a complex topology, a thickness 
similar to the image resolution and are easily 
corrupted by noise. 
One of the scopes of this paper is to propose a 
variational model to detect cracks in images. It 
is well known that classical edge detection 
techniques based on gradient information are 
not successful with these structures. The 
intuitive idea is that, assuming that a fracture 
can be modeled by an indicator function 
supported by a smooth curve, it can be 
approximated by a sequence of functions 
whose Hessian blow up in its perpendicular 
direction, while their gradient is null. Motivated 
by these observations, showing that a suitable 
model should involve higher order derivatives, 
we propose a crack recovery method that falls 
within second order variational models. It is 
based on the Blake-Zisserman (Blake and 
Zisserman, 1987) functional or, to be more 
precise, on its approximation by elliptic 
functionals defined on Sobolev spaces 
(Ambrosio, Faina and March, 2001). In this 
paper we propose an implementation on High 
Performance Computing (HPC) architectures 
that are designed to execute massive parallel 
tasks. 
The paper is organized as follow: in Section 2 
we describe the mathematical model and the 
parallel implementation, in Section 3 we 
discuss  performance results and in Section 4 
we draw some conclusions.   
 
2. MATHEMATICAL MODEL AND 
PARALLEL IMPLEMENTATION 
 
Variational methods have addressed 
successfully problems such as image 
segmentation and edge detection. They 
propose as solution a minimizer of a global 
energy. A first example is described by 
Mumford and Shah (MS) in their famous paper 
(Mumford and Shah, 1989) where they 
proposed a first order functional, whose 
minimization determines an approximation of 
the image by means of a piecewise smooth 
function and detects edges as singularities in 
the image intensity. However, this model is not 
suitable  for  cracks because they do not 
represent singularities in the intensity function, 
but in its gradient instead. For this reason, we 
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propose a second order variational model 
based on the Blake-Zissermann (BZ) functional 
(Blake and Zisserman, 1987). This was 
introduced with the the aim of overcoming 
some limitations of the MS approach, such as 
the over segmentation and the lack in detecting 
gradient discontinuities. Being the original 
formulation not suitable for numerical treatment, 
we had to work on a different approach that is 
based on the approximation proposed by 
Ambrosio and Tortorelli (AT) for the MS 
functional (Ambrosio and Tortorelli, 1990, 
1992). In their model, they replaced the 
unknown discontinuity set by an auxiliary 
function which smoothly approximates its 
indicator function. In our case two auxiliary 
functions are introduced as indicators of both 
intensity discontinuity and gradient 
discontinuity sets. As numerical minimization 
algorithm we chose an “inexact” block-
coordinate descent scheme (BCD) in order to 
address the heterogeneous environment. 
Although the model is global, several numerical 
experiments have highlighted that the solutions 
weakly depend on boundary conditions and are 
energetically close to the initial data. This 
motivate the adoption of a tiling scheme to 
address very large images: the minimizer is 
assembled by merging together local solutions 
restricted to portion of images. 
 
3. NUMERICAL RESULTS 
 
We tried our methods on images of cracks 
taken in tunnels in Greece and back-scattered 
electron images of concrete samples. In the 
former case the challenge was to reconstruct 
the whole structure avoinding the effect of the 
noise and the environmental conditions (i.e. 
lights). In the latter the aim was to “insulate” the 
structure from the complex texture in the 
background. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Run time comparisons for a single image 
 
 run time (s) 
sequential 13.184868 
parallel 24 cores 1.056701 
parallel 48 cores 0.5915374 
 
 
In both cases the structures have been 
detected correctly (Fig.1,2). As future work, It 
would be interesting to compare the quality of 
the reconstruction with labelled dataset 
provided by the engineers involved in the 
assessment process.  
In order to reduce the execution time and to 
provide a automatic procedure we tested a 
sequential implementation with a parallel one 
based on the OpenMP framework that 
implements two strategies for collaboratively 
executing a program on an environment 
composed by devices of different types (aka 
heterogeneous architectures).  The 
experiments were performed both on a 
commodity PC and on a High Performance 
Computing cluster at Imperial College. A 
sequential version was executed on a 
workstation equipped with a processor Intel (R) 
Xeon CPU E6-79 at 3.40 GHz with 32GB of 
RAM and total number of cores 12, running an 
Ubuntu 18.04 operating system. The parallel 
version based was executed on a 
heterogeneous cluster equipped with x86-64 
processors, running a CentOS 7.6 operating 
system. Overall, the results show a significant 
reduction in the execution time with respect to 
the sequential algorithm. 
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4. CONCLUSIONS 
 
In this paper we proposed a variational method 
to detect cracks in images and a parallel 
implementation targeting modern High 
Performance Computing architectures with the 
aim of automatizing the detection process and 
of reducing its execution time. We got 
promising results for both the quality of the 
reconstruction and the reduction of its duration. 
As future plan, we would like to test our 
procedure on real world scenarios in order to 
understand if it could be used as useful tool for 
assessing the building infrastructure and the 
concrete quality. We plan also  to reduce 
further the execution time by designing a 
domain specific hardware accelerator tailored 
specifically to detect cracks in real time. 
Moreover, it would be interesting to understand 
how the algorithm work with isotropic structures 
such as bubbles. 
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ABSTRACT 
 
In recent years, there has been an expansion in the world’s urbanization which has given rise to an increase 
in the consumption of natural resources, consequently leading to a substantial quantity of construction and 
demolition waste. It is beneficial that researchers continue to investigate alternative materials that can be 
generated from construction and demolition waste. One such material retrieved from this waste is recycled 
concrete aggregate, which is currently being considered by researchers as an alternative to natural aggregates 
as a substitution in the concrete mix. Recycled concrete aggregates present several main benefits as it reduces 
the wastes deposited on landfills and the consumption of energy and natural aggregates from quarrying. 
Studies on the behavior of recycled concrete aggregates has been on the rise since the 1970’s after world war 
II. This study reviews and summarizes the literature on the properties of recycled concrete produced from 
coarse recycled aggregates. This literature review examined the issues related to recycled concrete by 
analyzing over 200 published papers to provide a comprehensive synthesis of the material properties which 
includes: mechanical properties, treatment methods, structural performance, measurement techniques. and 
performance in the coastal environment. This review has benefits to both academic researchers and industry 
practitioners across the world. 
 
Keywords: recycled concrete aggregate, recycled coarse aggregate, recycled aggregate concrete, 
mechanical properties, durability properties, coastal environment. 
 
1. INTRODUCTION 
 
The increase in the world’s population has resulted 
in an expansion in construction developments 
across the globe (Agyekum 2018). Many sky-
scrapers, bridges and roads are being constructed 
yearly with the use of natural resources, 
consequently leading to a magnification of 
construction and demolition waste (CDW) 
(Alengaram, Salam et al. 2011, Silva, De Brito et al. 
2015, Agyekum 2018). Quarrying not only uses a 
vast amount of energy to retain natural aggregates 
(NAs), but destroys plant and animal ecosystems.  
 
In conjunction with this environmental issue, there 
is a scarcity of land, particularly in the Caribbean 
countries making it difficult to accommodate waste 
(Lowndes and Jeffrey 2009). CDW comprises 
mainly of concrete from laboratory samples, 
wastage from site, natural aggregates, bricks and to 
a lesser extent wood and other materials (Kou, 
Poon et al. 2012). Additionally, concrete waste can 
stem from natural disasters. It is approximated that 
RCA makes up 40% of the CDW (Oikonomou 2005).  
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Recent studies have highlighted major benefits of 
recycling concrete waste as potential alternatives to 
natural aggregates. These include: reduction of the 
use of natural aggregates hence protecting the 
ecological balance of nature and reducing energy 
consumption, reduction in the volume of concrete 
waste disposed on landfills, reduction of cost of 
waste treatment (Agyekum 2018). Recycled 
concrete aggregates (RCAs) are classified into 
three main groups: aggregates composed of 
masonry rubble (group 1), aggregates from 
concrete rubble (group 2) and a combination of NAs 
and rubbles from groups 1 and 2 (group 3) (RILEM 
1994, Katz 2003). 
 
2. PROPERTIES AND STRUCTURE OF RCA 
  
The properties of RCAs are inferior to that of NAs. 
The residual mortar is the reason for this, affecting 
the properties of porosity, density and water 
absorption of the RCA (McNeil and Kang 2013). The 
adhered mortar consists of hydrated and 
unhydrated cement particles together with fine 
aggregates (Behera, Bhattacharyya et al. 2014). 
The porosity of the attached mortar depends on the 
water to cement ratio (w/c) of the original concrete 
(Etxeberria, Vázquez et al. 2007). A high w/c ratio 
results in a very porous RCA as minute pores and 
cracks are more susceptible to develop as a 
consequence of crushing (Olorunsogo and 
Padayachee 2002, Kou, Poon et al. 2012).The 
volume of the attached mortar can vary from 25% to 
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60% (Hansen and Narud 1983). The density of the 
RCA is generally lower than the NA due to the 
attached mortar which varies with different sources 
of RCA. A study showed that the relative density of 
RCA in the saturated surface dry (SSD) state was 
7-9% lower than that of NA (Limbachiya, Leelawat 
et al. 2000).  
 
Another investigation stated that there was a 17% 
difference between the density of RCA and NA 
(Sagoe-Crentsil, Brown et al. 2001). The presence 
of the pores and cracks on the attached mortar of 
the RCA allows a greater amount of water to be 
absorbed into the pores as compared to NA. The 
water absorption ranges from 3-12% for RCA and 
1-5% as compared to NA (Gómez-Soberón 2002, 
Katz 2003). In addition to variations caused by the 
old mortar, the RCA differs from NA mainly because 
of the interfacial transition zone (ITZ). The ITZ is the 
weakest region in concrete due to the higher 
porosity. The old ITZ is between the original 
aggregate and the old attached mortar, whereas the 
new ITZ is between the old attached mortar and the 
new mortar matrix which forms another weak link 
due to poor bonding (Medina, Zhu et al. 2015). 
 
3. MECHANICAL PROPERTIES OF RCA 
 
In the case of RCA, the workability required is 
difficult to acquire due to the high water absorptivity. 
A study concluded that recycled aggregate concrete 
(RAC) required 10% more water, to achieve a slump 
equivalent to natural aggregate concrete (NAC) 
(Tabsh and Abdelfatah 2009). The aggregate type, 
quantity, angularity and amount of attached mortar 
of the RCA influences the water demand and 
energy for compaction due to the inter-particle 
friction (Fathifazl 2008). Studies have shown that up 
to 30% replacement of coarse recycled aggregates 
the reduction in compressive strength (𝑓 ′𝑐) is not 
very prominent (Behera, Bhattacharyya et al. 2014). 
However, with 100% of RCA there was a reduction 
in 𝑓 ′𝑐  by 20-25% as compared to NA, due to its 
poor quality (Etxeberria, Vázquez et al. 2007).  
 
The w/c ratio influences the 𝑓 ′𝑐 of concrete. It was 
suggested that using RCA in the SSD state 
compensates for the workability loss in the mix 
(Hansen 2014). However this exhibited a lower 𝑓 ′𝑐 
than oven dried (OD) RCA, due to the bleeding of 
excess water with the SSD samples during mixing 
(Poon, Shui et al. 2004). Many researchers stated, 
that the desired 𝑓 ′𝑐 can be achieved by lowering 
the w/c by 4-10% (Etxeberria, Vázquez et al. 2007). 
As the parent concrete strength increases so does 
the RAC 𝑓 ′𝑐. This influence was related to the w/c 
ratio. In concretes with a low w/c ratio (<0.2) the new 
mortar strength and the ITZ strength between the 
new and old mortar is higher than the mortar in the 
RCA, hence cracks propagates from the mortar in 
the RCA. On the other hand, in concretes with high 
w/c ratio (>0.7), failure starts in the new mortar 
region or the ITZ between the new and old mortar 
because of the effects of the lower 𝑓 ′𝑐  (Xie, 
Gholampour et al. 2018). 
 
 A recent  study observed that with 100% 
replacement of RCA there was a reduction in tensile 
strength between 23-31% (Seara-Paz, Corinaldesi 
et al. 2016). Other studies revealed that with an 
increase in RCA replacement there is a decrease in 
tensile strength (González-Taboada, González-
Fonteboa et al. 2016). Kang et al. (2012) showed 
that a 15% addition of RCA results in a 9% decrease 
in strength, and doubling the replacement doubled 
the strength reduction. The lower stiffness of the 
attached mortar on the surface of the RCA 
contributes to a reduced modulus of elasticity (𝐸𝑐).  
 
It was found that RCA behaves in a brittle manner, 
experiencing more deformations as compared to 
NA. A reduction of 45% in the 𝐸𝑐 was observed with 
100% replacement of RCA at a fixed w/c ratio 
(Rahal 2007). However, other authors reported that 
the reduction in 𝐸𝑐 can be as high as 80% at 100% 
replacement of RCA (Günçan 1995). Flexural 
strength of RAC decreased with an increase in 
percentage replacement of RCA due to the lower 
modulus of elasticity. Studies shown that the 
flexural strength of RAC varied by 16-23% with 
different replacement levels (Tavakoli and 
Soroushian 1996).  
 
4. TREATMENT METHODS FOR RCA 
 
Several treatment methods have been developed to 
enhance the properties of RCAs to be used as a 
potential alternative to NAs. Two main approaches 
used were: presoaking to remove the attached 
mortar on the aggregate surface or by using reactive 
or non-reactive fine minerals to modify the surface 
and interior of the RCA. A recent study pre-soaked 
the RCA in hydrochloric acid (HCL) for 24 hours 
which resulted in a 3% loss in mortar, reduced the 
water absorption and resulted in an improvement in 
𝑓 ′𝑐  by 10% as compared to the untreated RCA 
(Ismail and Ramli 2014). 
 
Pre-soaking of RCA in nitric acid (HNO3) improved 
the 𝑓 ′𝑐  by 6-12% as compared to the untreated 
aggregates due to the deterioration of the old mortar 
and hence improved ITZ (Murali, Vardhan et al. 
2012). Ismail and Ramli (2014) further treated the 
aggregates with calcium metasilicate (CM) solution 
which increased the particle density and reduced 
the water absorption capacity. A coating was 
formed over the RCA, which filled the pores thereby 
improving the bond strength and the ITZs in the 
matrix. A similar study used microorganisms to 
induce calcium carbonation precipitation on the 
RCA surface, hence plugging the pores and cracks 
which  reduced the water absorption by 15% (Qiu, 
Tng et al. 2014). 
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5. STRUCTURAL PERFORMANCE OF RCA 
 
RCA has not only been used as backfill material for 
foundations and road fill material but has been used 
for structural purposes. Many countries developed 
technical guides to facilitate the use of RCA 
including but not limited to: Hong Kong, Germany 
and Brazil. In Hong Kong, 10 local projects 
consumed a maximum RCA of 22,700m3 which 
were incorporated in reinforced concrete piles and 
walls (Rao, Jha et al. 2007). The Vilbeler Weg and 
Waldspirale buildings incorporated the use of RCA 
which satisfied the 𝑓 ′𝑐  at 28 days (Marinković, 
Ignjatović et al. 2012). A study showed that the mid-
span deflections and crack width were greater for 
the RAC beam compared to the NAC beam, but 
were within the acceptable standard specified in the 
ACI 318-11 building code, which does not hinder the 
use of RCA for structural concrete members 
(Maruyama, Masaru et al. 2004, Fathifazl, 
Razaqpur et al. 2009).  
 
Uncertainty exists among researchers regarding the 
durability of RAC, against chloride ion ingress. One 
author utilized three sources of RCA in structural 
concretes to determine the response to chloride ion 
penetration. The results showed detrimental effects 
on the chloride ion ingress when RCA was used. It 
was concluded that using ground granulated blast 
furnace slag (GGBS) to produce structural CEM III 
concretes increased the resistance to chloride ion 
ingress. CEM III concrete with 100% RCA 
outperformed CEM I concrete with 100% NA. 
However, the replacement of GGBS and RCA 
should be limited to 50% and 60% respectively to 
conform to previous findings (Dodds, Christodoulou 
et al. 2017).  
 
6. PERFORMANCE OF RCA IN THE COASTAL 
ENVIRONMENT 
 
A study investigated the effects of wetting and 
drying cycles with various percentage replacements 
of RCA including 30% and 60%. Three samples per 
group were cast using 4” cubes which were cured 
for 28 days, after which the samples were 
submerged in sea water for 8 hours and removed 
for 16 hours to simulate the tidal zone in the marine 
environment. This circulation lasted for 4, 8, 12 and 
16 months. A microcomputer-controlled 
electrohydraulic servo tester was used to collect 
compression strengths and deformations results. 
There was a decrease in 𝑓 ′𝑐 with an increase in 
RCA replacement and corrosion time, as compared 
to the NAC. This could have been attributed to the 
lower elastic modulus of the RAC and the internal 
bonding being destroyed by chloride ion ingress 
(Wang, Huang et al. 2013).  
The optimum percentage replacement of RCA to be 
used in the marine environment was investigated by 
manipulating three variables: percentage of RCA 
(30%, 40%, 50%), curing period (28, 60, 90 days) 
and saline water concentration (1N, 3N, 5N). It was 
concluded that 30% replacement of RCA was 
optimum to be used in construction in the marine 
environments as it achieved more than 95% of 𝑓 ′𝑐 
at 28 days (Mukhlis, R Hoque et al. 2014). Both 
authors were silent on the use of treated RCA. 
 
7. CONCLUSIONS 
 
RCA has inferior properties as compared to NA due 
to the residual mortar and ITZs. 
There is a reduction in concrete strength with an 
increase in percentage replacement of RCA, 
however with treatment the strengths are improved. 
RCA have been used for structural purposes, 
however more investigations are required to clarify 
the durability performance using RCA.  
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Abstract 
 
The paper forms part of a wider research study directed to explore the effect of Superabsorbent polymers 
(SAP) on the performance of fibre reinforced cementitious materials containing different binders. 
Despite their worldwide popularity and versatility, cementitious materials may suffer from a number of 
deteriorative processes, including drying shrinkage and a consequent cracking. In order to reduce the effect 
of drying shrinkage Polymeric fibres (PF) are often added to cementitious matrices. However, this technique 
is not always sufficient to protect concrete and some form of internal curing is essential, for example by Super 
Absorbent Polymers (SAPs). The effectiveness of SAPs in different blended cements depends on a number 
of parameters, including their chemical composition, particle grading and ionic concentration in surrounding 
pore solution. 
 
This paper presents the results of experimental study of the effect of SAPs on drying shrinkage of fibre 
reinforced mortars (FRM). Three commercially available cements: CEM I (PC), CEM II (PC-FA 70-30)) and 
CEM III (PC-GGBS 50-50) and three types of SAP were analysed. 
The experimental results showed that SAPs could reduce slightly drying shrinkage in fibre reinforced mortars 
as governed by their absorption/desorption kinetics. Overall, the type of binder has much more important role 
in DS and the effect of fly ash on DS reduction is very prominent 
.
 
INTRODUCTION 
 
Supplementary cementitious materials (SCMs), 
such as fly ash (FA) and ground granulated blast-
furnace slag (GGBS), are often used as a partial 
replacement of cements to improve sustainability of 
Portland cement-based materials and reduce their 
environmental impact. However, SCMs are known 
to be more sensitive to different curing regimes and 
hence more susceptible to early cracking. This is 
primarily caused by slow pozzolanic reactions in FA 
(De Belie et al., 2018) and limited degree of later 
reactions in GGBS due to a lack of space already 
filled by early products of PC hydration (Almeida 
and Klemm, 2018). Moreover, drying-shrinkage 
resulting from the loss of water to surrounding 
atmosphere (Mechtcherine et al., 2012) may 
significantly compromise concrete durability and 
serviceability. Although the Polymeric fibres (PF) 
are often recommended (Gong et al., 2018; 
Yousefie et al., 2017) as a technique to cope with 
this phenomenon, it is often insufficient and some 
form of internal curing is still required to decrease 
self-desiccation and promote cement hydration 
(Wyrzykowski and Lura, 2016). Superabsorbent 
polymers (SAPs) have been proved to be a 
promising internal curing agent for cementitious 
materials, which can facilitate hydration process 
and control water supply in both fresh and hardened 
state (Mechtcherine et al., 2012). The most 
remarkable successes of SAPs have been in 
mitigation of autogenous shrinkage, plastic 
shrinkage (Mechtcherine et al., 2016), enhancing 
freezing and thawing resistance (Sikora and Klemm, 
2013), self-sealing (Snoeck et al., 2012) and self-
healing (Snoeck et al., 2016) in various types of 
mortar and concrete. However, SAP effectiveness 
in cementitious matrices depends not only on its 
intrinsic characteristics (shape, size, crosslinking 
density, chemical structure) but also on the ionic 
concentration in surrounding pore solution. 
Therefore, the main objective of this study is to 
assess the effect of different SAPs on drying 
shrinkage of Fibre Reinforced Mortars (FRMs).  
 
METHODOLOGY 
 
Materials 
 
Three types of cement have been used in this study: 
CEM I 52.5N (Portland cement - PC), CEM II/B-V 
42.5N (PC-FA 70-30), and CEM III/A 42.5N (PC-
GGBS 50-50). CEM I, II and III have been supplied 
by Hanson Cements (UK), Lafarge (UK) and 
Ecocem (Ireland) respectively. Their Chemical and 
physical characteristics, as provided by 
manufacturers, are presented in Table 1. 
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Table 1 Chemical and physical analysis of CEM I, II 
and III 
 
Compound 
(%) 
CEM I 
 (PC) 
CEM II 
  (FA) 
CEM III 
(GGBS) 
CaO 64.3 43.48 57.13 
SiO2 20.76 32.69 24.50 
Al2O3 4.99 13.13 8.99 
MgO 2.19 1.33 5.33 
Fe2O3 2.57 3.29 1.76 
K2O 0.27 1.26 - 
Cl 0.06 - 0.04 
MnO - 0.07 5.33 
TiO2 - 0.56 0.58 
ZnO - 0.02 - 
Mn3O4 - - 0.16 
Loss on 
ignition 
2.39 - 1.19 
 
The micro polypropylene fibres (Fig. 1) used in this 
study were provided by ADFIL Construction Fibers 
(UK). Fibres have length of 6-mm, diameter 18μm 
and density 0.91 kg/m3. 
 
SAP characterization 
 
Three types of SAPs provided by BASF 
Construction Chemicals GmbH, were investigated. 
These were SAP A (copolymer of acrylamide and 
acrylic acid), SAP C and SAP E (both modified 
polyacrylamide). Shapes and size of SAPs have 
been characterized by SEM image analysis      (Fig. 
1).  
 
   
 
  
 
Figure 1 The SEM micrographs of SAP A, C, E and 
Fibre 
 
SAP’s particle sizes were measured by the laser 
diffraction. The results are shown in Figure 2(a).  
Figure 2(b) shows Raman spectra which confirm the 
base polymer being polyacrylamide and the same 
chemical composition of SAPs C and E. However, 
their differences in sorption characteristics could be 
attributed to their respective particular monomers 
(Zohuriaan-Mehr and Kabiri, 2008). The water 
absorption capacity (WAC) of SAPs in cement paste 
solutions have been determined by the tea-bag 
method (Almeida et al., 2018; Mechtcherine et al., 
2018) and shown in Figs. 2(c). 
 
 
 
 
 
 
Figure 2 (a) Particle size distribution of SAPs (b) 
Comparison of molecular structure of the studied 
SAPs and polyacrylamide by Raman spectroscopy 
(c) Sorption behaviour of SAPs in cement paste 
solution. 
 
Mix compositions 
 
In order to assess the effect of SAPs on drying 
shrinkage of FRMs different SAPs with different 
particle size, WAC and chemical composition were 
analysed. 
Table 2 shows fifteen different compositions of 
FRMs were designed to carry out this study with 
different water/binder ratios. All studied mortars 
were prepared with the proportion of binder to fine 
sand of 1:2 (by weight). The water-to-binder ratio 
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(w/b) was increased, in SAP modified mortars in 
order to compensate for water absorbed by polymer 
(Snoeck et al., 2018). Three types of SAPs were 
added to mixtures in the proportion of 0.25% by 
mass of binder. 
 
 Table 2 Mix proportion of mortars and water/binder 
ratios 
 
 
Cemen
t 
Sample 
Name 
SAP 
typ
e 
SAP 
Conten
t 
Fibre 
Conten
t 
W/B 
ratio 
 I - - - 0.48 
 I1 - - 0.50% 0.52 
CEM I I1A A 0.25% 0.50% 0.58 
(PC) I1C 
I1E 
C 
E 
0.25% 
0.25% 
0.50% 
0.50% 
0.58 
0.58 
      
 II - - - 0.45 
 II1 - - 0.50% 0.50 
CEM II II1A A 0.25% 0.50% 0.56 
(FA) II1C C 0.25% 0.50% 0.56 
 II1E E 0.25% 0.50% 0.57 
      
 III - 420 - 0.48 
 III1 - - 0.50% 0.52 
CEM III III1A A 0.25% 0.50% 0.58 
(GGBS) III1C C 0.25% 0.50% 0.58 
 III1E E 0.25% 0.50% 0.58 
 
The amount of fiber used was 0.50% by mass of 
binder. Fine sand had 90% of particles smaller than 
0.425mm. 
 
Drying shrinkage (DS) and mass loss 
 
The drying shrinkage in mortars was measured on 
prismatic specimens (75 × 75 × 280 mm³) according 
to BS ISO 1920-8 (2009). Samples were demoulded 
after 24h and the unsealed specimens were left 
drying in laboratory environment (T = 21±2ºC and 
RH = 40±5%) for 180 days. The length and weight 
of specimens were measured daily in the first 28 
days.  
 
      
Figure 3 Drying shrinkage tests 
 
Between 28-180 days, measurements were taken 
weekly to evaluate the effect of SAPs on drying 
shrinkage and mass loss of the specimens. 
RESULTS AND DISCUSSIONS 
 
Figure 4 shows drying shrinkage (DS) development 
during 180 days. The similar trends have been 
observed for the reference samples (PC, FA and 
GGBS). Mortars with CEM II (PC-FA) had the lowest 
values of shrinkage while, mortars with CEM III (PC-
GGBS) displayed the highest values in comparison 
with the PC samples. These differences can be 
explained by the fact that DS is greatly affected by 
the water-binder ratio (w/b) (Juenger et al., 2002) 
and differences in hydration rate (Scrivener et al., 
2015). As previously reported (Gong et al., 2018; 
Yousefie et al., 2017), addition of fiber can lessen 
DS and this reduction is more pronounced in 
matrices with CEM II cement.  
 
 
 
Figure 4 Drying shrinkage development of FRM 
with SAPs 
 
Addition of SAPs can reduce DS in all mortars when 
compared to the corresponding reference samples. 
However, the extent of reduction depends very 
much on the type of SAP used. As seen on Fig 4, 
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SAP A seemed to be more effective in reduction of 
shrinkage owing to its lowest WAC (Fig. 2b) and as 
a result of swelling in the second week (Snoeck et 
al., 2015; Lee et al., 2018). As shown on Fig. 4 
addition of both SAPs C and E resulted in a similar 
or slightly reduced DS, when compared to the 
reference samples. This reduction was higher for 
SAP C due to its slower water absorption capacity.  
 
Figure 5 shows the results of mass loss rates 
recorded during 180 days. For the clarity purposes, 
only results for the references samples, and two 
samples of cements were presented. However, 
other samples had similar general pattern to the 
results displayed. Overall, samples with SAPs had 
the highest mass loss rates. The reference samples 
(without SAPs and PF) had the lowest mass loss 
rate compared to the SAPs mortars. 
 
 Figure 5 Weight loss rates during drying shrinkage 
tests 
 
Furthermore, SAP A in mortars with CEM III had the 
highest mass loss rate due to lower WAC. The mass 
loss is higher in mortars with higher W/B ratio, while 
the respective shrinkage is the highest. 
 
CONCLUSIONS 
 
Drying shrinkage in FRMs can be reduced slightly 
by addition of SAPs. The effect of PF is minimal; the 
type of cement has much more important role in 
drying shrinkage. This is more pronounced for 
mortars with CEM III (PC-GGBS), but the effect of 
fly ash on DS reduction is very prominent. SAP 
effectiveness depends on the water absorption 
capacity. The highest reduction of drying shrinkage 
was observed for mortars with SAP A with the 
lowest WAC. It can be concluded that SAPs with 
lower WAC lead to increased mass loss rate, 
reducing drying shrinkage. 
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ABSTRACT 
 
This contribution describes the effect of various slaking methods on the microstructural and mineralogical 
characteristics of Portlandite crystals (Ca(OH)2). Aim of this research is to develop lime-based construction 
materials for the modern construction industry. Microstructural changes of Ca(OH)2 crystals obtained by 
slaking calcium oxide in different conditions were investigated using Scanning Electron Microscopy (SEM) and 
X-ray Diffraction Analysis (XRD). Results suggest that the slaking conditions affect the crystal size and shape 
resulting in an increase of surface area and, in turn, a potential improvement of mortars performances.
  
 
 
1.   INTRODUCTION 
 
Lime (CaO) is a material that has been used by 
humankind for millennia and that has had (and still 
has) an important impact on everyday people’s lives. 
It is used in a number of industrial processes such 
as in food and pharmaceutical processing and in 
steel production, as well as in other industries such 
as agriculture and construction industry where it is 
mainly used as a binder in mixtures such as mortars 
and plasters. 
Despite this importance and the long history, during 
the 20th century, the use of lime in the constructions 
gradually phased out in favour of the new hydraulic 
binders with improved performances that had been 
developed since the 17th century such as Portland 
cement. Nowadays most of the empirical knowledge 
on the production and use of lime that built up over 
the centuries is lost but there is an increasing 
pressure to re-discover this material by developing 
some new scientific (rather than empirical, as it was 
in the past centuries) knowledge.  
As a binder for the construction industry, lime has 
several advantages over other cementitious 
materials. These include a low Young’s module 
(Grant et al., 2016; Hendry, 2001; Lanas and 
Alvarez, 2003; Rosson et al., 1998), a high gas 
permeability, self-healing properties, higher 
resistance to soluble salts (Ball et al., 2016; Cizer et 
al., 2018, 2012; Cultrone et al., 2005), as well as 
mild antiseptic properties (Auvinen and Wirtanen, 
2008; Grant et al., 2016; Martínez-Ramírez et al., 
1998; Maskell et al., 2017; Shirakawa et al., 2003), 
lower CO2 emissions, and reduced costs of 
production (Ball et al., 2016; Grant et al., 2016; 
Vance et al., 2015). 
However, despite these properties, some limitations 
prevent lime from becoming once again an 
attractive material for the modern industry. A major 
drawback is the slow rate of the carbonation 
reaction, as the setting time is a crucial factor in 
terms of costs for the modern construction industry.  
Overcoming such limitations could make once again 
lime an appealing product for construction 
companies, aiming at minimising time and costs of 
operations as well as their environmental impact. 
Only recently, with the so-called ‘lime revival’, the 
interest of the industry and academy in lime-based 
materials increased again. However, a sound 
scientific understanding of the characteristics of 
lime is still needed, in order to create the platform 
necessary to develop new lime-based products that 
can be successfully used in construction. 
In this paper, the initial results of a set of 
experiments on the vapour hydration of CaO – a 
process commonly used in environmental sciences 
to produce CO2 sorbents – are reported. The vapour 
hydration reaction mechanism, firstly investigated 
by Ramachandran et al. (1964) and later by Beruto 
et al. (1981), is based on a solid-state topotactic 
reaction which results in the formation of smaller, 
poorly crystalline Ca(OH)2 able to rapidly react with 
the CO2. Such characteristic could be 
advantageous when lime is used as a binder in 
mortars and plasters. 
Our investigation is based on the comparison of the 
properties of Portlandite crystals formed upon 
different slaking methods. Investigating the 
hydration reaction of CaO and how the slaking 
conditions can affect the properties of the newly-
formed Portlandite crystals has been the focus of 
some recent studies (Blamey, 2016; Serris, 2011; 
Mascolo et al., 2010; Paiva et al., 2010; Rodriguez-
Navarro et al., 2017) and it has already pointed out 
that the outcome of this research  has the potential 
to be exploited for the development of high-
performance lime-based building materials. 
 
2. Materials and Methods 
 
Commercial CaO Calbux Granular 15 (Tarmac, 
Buxton Lime) with particles size <22.4 mm was 
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used in these tests. Granules of >5 mm size and of 
the whitest colour were selected for the experiments 
and placed inside a glove box filled with nitrogen 
gas (N2) to prevent any reaction with the CO2 
contained in the air. The granules were crushed with 
an agate mortar and pestle and the powder 
produced was sieved to obtain particles with 
diameter <500µm. During crushing and sieving, the 
CO2 concentration was constantly monitored using 
a CO2 sensor and kept <200 ppm by washing the 
glovebox with N2 when needed. Using the coning 
and quartering method, 9 CaO samples were 
obtained from the entire batch. The samples were, 
then, slaked using the following methods (all tests 
were repeated 3 times): 
 Slaking with liquid water at 90˚C  
 Steam slaking: 
 Below the water boiling point (90˚C) 
 Above the water boiling point (200˚C) 
During slaking with liquid water, CaO samples 
contained in PTFE jars were put in an oven at 90˚C 
together with a sealed beaker containing de-gassed 
distilled water. After about 1 hour, when the water 
and the CaO powder reached an equilibrium, 10 mL 
of degassed distilled water were added to the CaO 
and mixed thoroughly to promote slaking. The 
slaked lime was left in the oven for 4 hours at 90˚C. 
At the end of the test, the temperature inside the 
oven was gradually reduced to room temperature 
and the samples were dried in a desiccator for 24 
hours before analysis. 
 During slaking with steam, the CaO samples 
contained in PTFE jars were placed in a bigger 
glass container partially filled with de-gassed 
distilled water so that no contact was possible 
between the CaO and the liquid water. The glass 
container was, then, covered with aluminium foil to 
prevent the rapid evaporation of water and kept in 
the oven for 8 hours to allow the steam generated 
by the heat to slake the CaO. The same procedure 
was repeated for temperatures of the oven at 90˚C 
and at 200˚C. At the end of the test, the temperature 
of the oven was reduced to room temperature and 
the samples were dried in a desiccator for 24 hours 
before analysis. 
The CaO powder was characterised using a 
Scanning Electron Microscope (SEM), X-ray 
Diffraction Analysis (XRD) and X-ray fluorescence 
(XRF), whereas the Portlandite crystals produced 
were characterised using SEM and XRD. In 
particular, the micro-morphological characterisation 
was carried out using a Tescan Mira 3 Scanning 
Electron Microscope in high vacuum mode. Prior to 
analysis, the samples were coated with a 5 nm thick 
Platinum layer. Mineralogical characteristics of the 
samples before and after slaking were investigated 
using a Siemens D5000 diffractometer with Cu-Kα 
radiation, in the 2-θ range 10-90° with an increment 
of 0.02/step and scan speed of 1 sec/step, at 30 KV 
and 30 mA. Samples after slaking were mixed with 
10% w/w of Zincite as an internal standard to 
investigate existence of a possible amorphous 
phase. Quantification was performed using the 
Rietveld refinement method using the Profex 
software. Quantitative XRF analysis of CaO powder 
was performed using a Spectro Xepos benchtop 
XRF analyser. The ‘Geochemistry traces’ method 
was used as internal calibration. Resolution was 
131.5eV at 5.89KeV. Pressed pellets with a mixture 
of CaO and an inert wax binder (Fluxana Cereox 
wax, C38H76O2N2) were produced for analysis to 
improve consistency of the results. 
 
3. Results and Discussion 
 
The XRD pattern of the CaO powder is shown in Fig. 
1 where only the characteristic peaks of the CaO are 
visible suggesting that the procedure to avoid 
hydration or carbonation of the sample was applied 
correctly. No peaks related to any form of calcium 
carbonate or portlandite were detected. The same 
sample was observed at the SEM at low and high 
magnification. The microstructure of CaO particles 
(Fig. 2a) showed a porous fabric similar to that 
observed by Witoon et al. (2011) in calcined waste 
eggshells.  
 
Figure 1. Diffractogram of the Calcium oxide. 
 
Table 1 shows the results of the XRF analysis of 
CaO. Percentages of the elements added up to 90.5% 
because the sample was embedded in an organic 
wax (undetectable by XRF). It is reasonable to 
assume that the undetected material was only due 
to the presence of the wax, and not to other 
materials. 
 
Table 1. Chemical analysis of Calcium oxide 
Chemical 
composition 
Weight % 
CaO 89.4 
MgO 0.480 
SiO2 0.327 
Al2O3 0.0750 
Fe2O3 0.0683 
SO3 0.0451 
Cl 0.0137 
P2O5 0.00804 
Na2O <0.0055 
K2O <10-5 
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Results confirmed that the product is a high purity 
CaO and that during handling and analysis of the 
samples, carbonation or hydration reactions did not 
occur. 
 
SEM images of the products of the slaking with 
liquid water at 90˚C, and with steam at 90˚C and at 
200˚C are reported in Figure 2b-d, respectively. The 
analysis shows that the samples slaked with liquid 
water were characterized by several hexagonal 
prisms up to 3 µm diameter with thickness ranging 
from 0.5 to 1 µm. These crystals were embedded in 
a matrix of nanometer-sized Ca(OH)2 particles 
(Figure 2b). Such microstructure is commonly 
observed in lime putties where crystals of 
Portlandite grow in aqueous solution via a 
dissolution/re-precipitation process (Rodriguez-
Navarro et al., 2017; Navrátilová, 2017). 
 
 
 
Figure 2. SEM micrographs of (a) CaO powder; 
portlandite crystals formed upon slaking with (a) 
water and (b) steam at 200 ˚C; (d) nanometric, 
plate-like portlandite crystals formed upon slaking 
with steam at 200 ˚C. 
 
The microstructure observed in the samples slaked 
with steam was very different from the one observed 
in the samples slaked with liquid water. In fact, 
whereas after slaking with liquid water big well-
formed prismatic crystals were observed, after 
steam slaking (both at 90˚C and 200˚C) smaller 
plate-like hexagonal crystals up to 1 µm diameter 
with thickness between 50 and 100 nm were 
observed (Fig. 2d) and the crystal fabric resembled 
that of the parent material (i.e. CaO; Fig. 2a-c). 
The XRD analyses allowed verifying that all 
samples were fully converted to Ca(OH)2 after the 
slaking with both, liquid water and steam (Fig. 3). No 
peaks related to CaO or any form of CaCO3 were 
found, confirming that the hydration process 
proceeded to completion and that no relevant 
carbonation occurred during the experiments or the 
handling of the sample prior to analysis. 
 
 
Figure 3. Diffractograms of lime slaked with water 
and steam. 
 
Additionally, XRD patterns of the samples slaked 
with steam showed broader peaks compared to the 
sample slaked with liquid water. A similar result was 
obtained by Beruto et al. (1981) who suggested that 
the broad peaks were a consequence of finer 
crystallites of the Ca(OH)2 obtained with water 
vapour with respect to liquid water. This is shown by 
a broadening of the (10 1 1) diffraction peak (Fig. 
3), due to the presence of crystals with size <1000 
Å (Rodriguez-Navarro et al., 1998). Crystal size was 
calculated from XRD data by using Scherrer's 
equation: 
 
 
 
Where L is the mean crystallite size, K is the grain 
shape dependent constant 0.92, λ is the wavelength 
of the incident beam (1.5408 Å for CuKα), θ is the 
Bragg reflection angle, and B is the line broadening 
at half-height of the diffraction peak (in radians). 
Crystals with average size ~430 Å appear in the 
water-slaked lime, while a broadening of the 
diffraction line was produced by crystals with the 
average size of ~170 Å in the 
steam-slaked lime. 
 
4. Conclusions 
Overall, these results suggest that full a conversion 
of CaO in Ca(OH)2 was obtained with both, water 
and steam slaking at various temperature. However, 
the former slaking method produced a slurry 
whereas the latter resulted in a product that can be 
described as a hydrated lime powder. Differences in 
the shape and size of the newly-formed Portlandite 
crystals were found between the products obtained 
with different slaking methods. After slaking with 
liquid water, micrometre-sized hexagonal prisms of 
Portlandite were embedded in a matrix of finer 
nanometer-sized Ca(OH)2 particles. After slaking 
with steam, smaller hexagonal plate-like Portlandite 
crystals up to 1 µm diameter were embedded in a 
fabric similar to that of the parent material. Results 
of SEM analysis were supported by the results of 
the XRD analyses and the results of the literature 
a b 
c d 
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review (i.e. Beruto et al., 1981; Rodriguez-Navarro 
et al., 2017). 
Overall, steam slaking seems to produce finer 
Ca(OH)2 crystals with, consequently, higher specific 
surface area. According to several studies 
(Rodriguez-Navarro et al., 2017; Mascolo et al., 
2010; Van Balen et al., 2005; Cazalla et al., 2000) a 
higher surface area enhances both, workability and 
reactivity of lime as well as the carbonation reaction, 
which could be advantageous when lime is used as 
a binder in mortars for the modern construction. 
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ABSTRACT 
 
Calcium aluminate silicate hydrates (C-A-S-H) is the main hydration product of blended cements. Although 
this nanomaterial has been the subject of intense research, the atomic level structural features are not fully 
understood. The atomic structure of C-S-H is similar to that of 14Å tobermorite, a layered mineral. We have a 
good knowledge of the calcium silicate sheet structure which forms the repetitive layers in C-S-H and are 
separated by an interlayer space. However, the exact nature of the interlayer space and the aluminium location 
in C-A-S-H is still inconclusive. Here, we use a brick model, an atom level building block description of C-S-H 
structures, to study the interlayer structural features and the nature of the different aluminium species in C-A-
S-H as observed experimentally by 27Al NMR. Brick model simplifies the generation of C-S-H structure. Small 
chemical entities, derived from the breaking down of a 14 Å tobermorite unit cell, are arranged in three-
dimensional space to create a variety of defective tobermorite structural units which form the building blocks 
of C-S-H. In this work, we show some of the intricate calcium-water relationship in the interlayer space and the 
extension of the brick model to incorporate aluminium in C-S-H resulting in C-A-S-H structures 
.
 
1.   INTRODUCTION 
 
Blended cements are widely used in the 
construction industry for over three decades1. 
These cements are generally rich in aluminium and 
leads to the incorporation of aluminium in the main 
hydration product, calcium silicate hydrates (C-S-H), 
to form calcium aluminate silicate hydrates (C-A-S-
H) 1. C-S-H or C-A-S-H is a disordered nano 
material with some degree of crystallinity with its 
atomic-level structure 2 similar to that of 14 Å 
tobermorite, a natural mineral. C-S-H is thus 
considered as a defective tobermorite structure and 
is generally created by depolymerizing silicon 
chains and/or by the addition of calcium in the 
interlayer space to match the Ca/Si ratio. In short, 
C-S-H has a layered structure with a main calcium 
oxide layer flanked on both sides by linear silicate 
chains and this calcium silicate layers are separated 
by an interlayer space containing water molecules, 
hydroxyl ions and calcium ions. 
 
To systematically study the different structural 
features of C-S-H at the atomic level, Kunhi 
Mohamed et al.3 proposed a brick model, an atom 
level building block description of C-S-H structures. 
In this model, a 14 Å tobermorite unit cell is broken 
down into small chemical molecular or atomic 
entities. These entities when arranged in three-
dimensional space can create a variety of defective 
tobermorite structural units which then form the 
building blocks of C-S-H. The advantage of this 
method over the existing random generation of 
defects to create C-S-H structure4–6 is that we can 
have a precise knowledge over the type of defects 
in each structural unit. A methodological study on 
the stabilities of these structural units were carried 
out through a combination of density functional 
theory calculations and classical molecular 
dynamics simulations. Thus allowing precise control 
over the type of chemical units that can be 
considered to make C-S-H structures.  
 
Kumar et al.2 constructed a variety of structural units 
using the brick model and calculated the NMR 
chemical shifts of the relaxed units using first 
principles. It was observed that only those structural 
units with a calcium bridging the silicate tetrahedra 
units induced a strong hydrogen bonding close to a 
terminal silicate tetrahedra, thus explaining the 
origin of the observed strong hydrogen bonding 
close to the terminal silicate species in synthetic C-
S-H from Dynamic Nuclear Polarization (DNP) NMR. 
The authors concluded that this calcium at the 
bridging site is a characteristic feature of high Ca/Si 
ratio C-S-H. Thus, the brick model in combination 
with experimental results was proved to be a good 
tool to unravel the complex atomic structure of C-S-
H.  
 
From the work of Kumar et al. 2 and other 29Si NMR 
studies7–10, the structure of the main layer of C-S-H 
is mostly understood. However, due to the 
disordered nature of the interlayer space, the exact 
nature and location of the interlayer species is 
 63 
 
largely unknown. In this work, using the brick model 
approach we try to look at the structure of the 
interlayer species.  
 
We also show the extension of the brick model to 
incorporate aluminium in C-S-H at the atomic scale. 
Aluminium exists in four, five and six-fold 
coordination geometries in C-A-S-H 9,11–13 as 
observed by 27Al NMR experiments. The tetra 
coordinated aluminium is shown to be located at the 
bridging site of the silicate chain 14. The penta-
coordinated aluminium is speculated to be in the 
interlayer space. The six-fold coordinated 
aluminium is however thought to exist as a different 
phase, ‘third aluminate hydrate’ (TAH) phase, in 
close proximity to C-A-S-H 15. We use a combination 
of density functional theory calculation and classical 
molecular dynamics simulations in this work.  
 
2. RESULTS   
 
A variety of structural units with different interlayer 
species were studied using classical molecular 
dynamics simulations and key insights into the 
intricate relationship between the interlayer calcium 
atoms and water molecules were studied. We were 
able to identify different types of water molecules in 
the interlayer space. I will be discussing more 
detailed results in the conference. 
 
In figure 1, a C-A-S-H structural unit with aluminium 
in four-fold coordination generated with the brick 
model16 is shown. The positions of the atoms are 
optimized with a variable cell calculation in 
Quantum Espresso17. We calculated an NMR 
chemical shift of 70 ppm for the aluminium in Figure 
1 using the GIPAW 19 method and is in agreement 
with the 27Al NMR chemical shifts for four 
coordinated aluminum species in C-A-S-H 20. 
 
 
Figure 1. C-A-S-H structural unit with aluminium 
in four-fold coordination geometry and with a 
stoichiometric formula of 
(𝑪𝒂𝑶)𝟏.𝟕𝟓(𝑨𝒍𝟐𝑶𝟑)𝟎.𝟐𝟓(𝑺𝒊𝑶𝟐)(𝑯𝟐𝑶)𝟏.𝟔𝟑  . Atomic 
color codes are Al:grey, Ca:turquoise, H:white, 
O:red, Si:blue 
 
A bulk structure with a stoichiometric formula of 
(𝐶𝑎𝑂)1.7(𝐴𝑙2𝑂3)0.05𝑆𝑖𝑂2(𝐻2𝑂)1.9  generated with the 
brick model is shown in figure 2. This structure is 
relaxed with classical molecular dynamics 
simulation using CementFFv2 force field 21. The 
stoichiometry and the silicate speciation are similar 
to that observed by Dai et al. 22 for C-A-S-H in a 28 
days hydrated white Portland cement. 
 
We have also been able to calculate the relative 
energies of the structural units with new insights into 
the location of aluminium in C-A-S-H which will be 
the subject of future publications. 
 
Figure 2. Bulk C-A-S-H structure. Atomic color 
codes are Al:grey, Ca:turquoise, H:white, O:red, 
Si:blue 
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ABSTRACT 
 
This work is an overview regarding the addition of lignocellulose material in aqueous suspensions on cement-
based products to be subjected to accelerated carbonation curing conditions. Cellulose in the form of pulp may 
be added properly dispersed in water to improve tensile properties of cementitious products. In addition to the 
better tensile behavior, the addition of cellulose yields products with higher porosity due to the hygroscopic 
nature of cellulose as well as durability issues related to chemical degradation and dimensional instability. The 
cement carbonation, in which Ca(OH)2 turns into CaCO3, leads to a reduced permeability of this type of 
materials along with an improvement of the durability of the product. Thus, accelerated carbonation curing 
conditions facilitate the encapsulation of CO2 -CaCO3 content is increased in approximately 30% by mass-, 
while enables the addition of cellulose elements in cementitious materials with no deleterious effects over time. 
Moreover, cementitious materials with up to 10% by mass of cellulose exhibit better flexural performance –
flexural strength and fracture toughness are increased by 50% and 700% respectively- compared to plain 
cement pastes. At the same time, cellulose favors the cement carbonation, assuring the optimal porosity and 
humidity conditions, as well as it becomes carbon sink since cellulose is photosynthesized by plants from 
atmospheric CO2. In spite of the current limitation of cellulose-cement products, this technology presents a 
great potential to face the environmental challenges by the production of reduced carbon footprint materials 
with attractive mechanical and physical  characteristics.  
 
Cellulose-cement carbonation 
 
Cellulose fibers are highly accessible worldwide 
from wood or annual plants, while offer numerous 
remarkable technical features, such as bio-
degradability, economic processing and wide range 
of morphologies and aspect ratios [1,2]. All these 
attributes together with its low density, make of 
lignocellulosic fibers an excellent draft for 
reinforcing elements. Therefore, this material is 
commonly used in polymer composites [1], although 
in the recent decades it is also possible to find 
alternative applications, as fiber–cement products 
[3,4]. 
In cement composites, cellulose-based fibers have 
not attracted much interest due to some chemical 
incompatibilities between fiber and matrix. However, 
the urgent challenge of obtaining more energy-
efficient materials makes interesting the 
incorporation of cellulose in building materials to 
reduce the carbon-footprint. On one side, cellulose 
itself is synthetized by plants from atmospheric CO2, 
so the partial replacement of Portland cement by 
cellulose tissues introduces a more favorable CO2 
balance in the material. On the other side, part of 
the CO2 emissions consequence of Portland 
cement production can be reincorporated into the 
cementitious materials because of carbonation 
reactions. Simultaneously, this carbonation reaction 
enables a better environment for cellulosic fibers, so 
chemical incompatibility between high-alkaline 
Portland cement matrices and cellulose-based 
fibers is solved (Figure 1).  
This article addresses the addition of cellulose in 
cement elements and the evolution of the different 
techniques used to make this type of material viable. 
Initially, the advantages of using cellulose as a 
reinforcement material in cement composites are 
shown. The different disadvantages involved in the 
use of cellulose in cement matrices are also 
addressed. Finally, it deals with different solutions 
to solve the problems of incompatibility between 
cellulose and cement, focusing on the curing of 
cellulose- cement systems when they are exposed 
to environments with high CO2 concentrations. 
 
 
Figure 1- Schematic representation of the CO2 
capture in cement products by the addition of 
cellulose and carbonation reactions. 
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Cellulose features in cementitious materials 
In order to be properly dispersed in water and, thus, 
contribute to obtain a composite material with better 
tensile properties, cellulose fibers require an optimal 
geometry and volume fraction [5,6]. After dispersion 
in water and mixing with cement, cellulose 
introduces additional water content during cement 
setting due to its hygroscopic nature [7,8]. Thus, 
cellulose fibers release the initial uptaken water 
because of the hydration heat of the cement paste 
in which fibers are embedded, which leads to 
binders that are more porous after cement hydration. 
In spite of having a greater porosity, this less dense 
material presents both further increased specific 
tensile strength and toughness [5]. In other words, 
when cellulose is properly added to cement paste, 
the result is a lighter, stronger and tougher material 
after hydration (Figure 2). 
 
Cellulose drawback in alkali environments 
The addition of cellulose to cement pastes is long 
ago related to several inconveniences that 
traditionally have denied its use [6,9]. The main 
disadvantage of adding cellulose to cement has 
been the high alkalinity of pore water in 
cementitious matrices (pH>12.5) [10,11]. In pore 
water suspensions, this desired alkalinity to avoid 
steel corrosion in reinforced concrete structures is 
attributed to the dissolved Ca(OH)2, which is widely 
agreed to be responsible for cellulose-based 
elements degradation [12,13]. Every amorphous 
lignocellulose fraction is susceptible to be 
hydrolyzed under very alkaline environments. 
Consequently, cellulose degree of polymerization is 
decreased over time, as well as the benefits of its 
use as addition in cementitious materials. Moreover, 
fiber embrittlement also takes place because of the 
presence of Ca(OH)2, which reduces the fiber 
reinforcing capacity. 
Cellulose hygroscopy and dimensional variation 
Another critical point for preventing the cellulose 
use in hydraulic binders is the hygroscopic nature of 
cellulose fibers itself [7]. This capacity of absorbing 
water in humid environments and releasing it back 
under dry conditions is responsible for excessive 
shrinking-expansion episodes. Besides the 
shortcoming of overall dimensional instability, the 
cellulose-cement interface (Figure 2) is also 
negatively affected by the cellulose hygroscopic 
character [14]. 
 
 
Figure 2- Schematic water movement inside a 
cement matrix induced by the hygroscopic behavior 
of cellulose fibers. 
Cellulose hygroscopy and interface 
The capacity of cement materials to resist tensile 
loads is very low, so catastrophic cracking events 
take place easily. At this point, cellulose elements 
act as bridging agent to avoid cracking spread and 
final material collapse along with a contribution to 
increase of tensile strength. This reinforcing 
mechanism is attributed to a combination of 
physical-chemical phenomena that happen in the 
cellulose-cement interface [15]. Cellulosic fiber 
shrinkage breaks the hydrogen bonding between 
the cellulose hydroxyl groups and alkaline anions 
from cement and diminishes the physical adherence 
between fiber and cement. In addition, the 
modification of the cellulose-cement interface is 
boosted due to the extra porosity induced by the 
initial extra water introduced to the system [11,16]. 
The greater porosity promotes the great water 
release to the environment and, therefore, the 
reinforcing capacity of cellulose fibers is further 
reduced [16].  
In view of these circumstances, carbonation 
becomes a tailored technical solution to take 
advantage of cellulose addition in cementitious 
materials in order to achieve more valuable and, at 
the same time, sustainable materials. 
 
 
Figure 3- Flowchart of the different features in 
carbonated cellulose-cement systems. In blue, the 
features of the fiber-cement components; in red, the 
inconveniences of this type of material; in green, the 
effect of carbonation on the system. 
 
The origin of cellulose in precast building materials 
The addition of cellulose to hydraulic binders is far 
from being an innovative concept. An example of a 
well established building material that uses 
cellulose in its composition is drywall [17,18]. This 
composite material made of a calcium sulfate 
dihydrate (gypsum) binder and cellulose additives, 
which is used as a building material with reduced 
exposure to humid environments. This building 
material takes advantage of the good compressive 
strength of gypsum with the good bending moment 
resistance given by cellulose. However, drywall is 
extremely vulnerable in high humidity conditions 
due to the intrinsic properties of the materials used 
for its manufacture: gypsum and cellulose that are 
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very soluble in aqueous suspensions and prone to 
absorb water respectively [19]. Accordingly, drywall 
is not applied for structural purposes since leaching 
and mold processes are likely to occur and lead to 
the material collapse. 
Fiber-cement industry, another use of cellulose 
A singular example of the use of cellulose in 
cementitious materials is fiber-cement products. 
Replacing gypsum by cement as binder matrix, the 
problems found in drywall were solved. In this case, 
cellulose pulp was used as an additive to improve 
the rheology of water-cement suspensions [9]. The 
most employed technique for fiber-cement 
production is the Hatschek process, which consists 
in a dewatering-pressing technique for molding thin 
cementitious elements. The Hatschek process 
involves a much-diluted slurry, with a water to 
cement ratio up to 5, that is later removed by 
filtration in rotatory sieves, Figure 4 [6]. The fiber-
cement slurry is transferred to rotatory wire sieves 
in which solid particles are retained and excess of 
water is removed until a water to binder ratio of 0.3 
is reached [16]. From the sieves, the material is 
conveyed on a felt where several layers of filtered 
materials are stacked until the desired thickness 
and, immediately after, compaction through a 
forming roller takes place (Figure 4). 
 
 
Figure 4- Schematic representation of the most 
common fiber-cement production process: 
Hatschek technique. Source: 
http://www.freepatentsonline.com   
 
Traditionally, fiber-cement industry used asbestos 
fibers in its formulations, but nowadays synthetic 
polymer fibers are used, which have little interaction 
with free ions in cement aqueous suspensions [20–
22]. Since synthetic polymer fibers are expensive, 
they are only dosed to improve the mechanical 
performance of fiber-cement products and cellulose 
is added (up to 3% w.t.) to aid with the flocculation 
process of the cement slurries and improve the 
water drainage [23]. Cellulose, in combination of 
polyacrylamide flocculants, forms large fiber-
cement flocs that help to reduce flowability and 
retain fine particles during the product dewatering. 
The addition of refined cellulose pulp made possible 
the transition from asbestos-cement products to 
fiber-cement asbestos-free elements. 
Papermaking production resembling 
The Hatschek technology for fiber-cement 
production is an adaptation of the papermaking 
process. During the production process, fiber-
cement and paper are initially diluted in water and 
later dewatered to obtain very thin sheets [6]. The 
main difference between these two materials is that 
fiber-cement is mainly made of cement that confers 
a rigid behavior to the material, while paper is a net 
of interconnected cellulose fibers that make the 
product highly flexible. So far, fiber-cement has 
been mainly used in non-structural elements, such 
as siding and roofing products. Because of the thin 
shape of the material and the non-structural 
application, most of the resisted loads come from 
bending loads. 
Improved flexural properties of cementitious 
products 
In case of higher flexural strength demand, it is 
possible to increase the amount of cellulose content 
to increase the reinforcing contribution of cellulose 
fibers. This technical solution began to attract 
research attention in the 80's, when sheet products 
with Portland cement matrices were only reinforced 
with cellulose pulp [6,9,24]. 
In fiber-cement products made of plain Portland 
cement with no mineral additions, it is possible to 
increase flexural strength by around 200% by 
adding around 8-12% w.t. of cellulose-based fibers 
[25]. The increased flexural strength favored by the 
addition of cellulose fibers also leads to an increase 
of porosity. For greater cellulose contents, the 
porosity in the structure of the material exceeds the 
reinforcing capacity of cellulose and material 
becomes less resistant. 
In spite of the increased flexural strength when 
cellulose is added to cement, the greatest 
advantage of using this type of reinforcement is the 
outstanding flexural fracture toughness that can be 
increased by 700% when compared to unreinforced 
cement matrices [25]. Ultimately, cellulose makes 
thin cementitious sheets more resistant for 
applications where bending loads are applied. 
Nevertheless, several drawbacks have to be 
considered to make this technical solution feasible. 
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Table 1- Flexural and physical properties of fiber-
cement products with different types of cellulose 
resources - P. radiata (PR) and  Sisal (S))- and 
contents by mass – 4, 8 and 12% [25]. 
 Flexural strength (MPa) 
Fracture toughness       
(kJ·m−2) 
Fiber-
content 
(%w/w)  
28 days 42 days 28 days 42 days 
0 11.8 ± 3.7 12.9 ± 2.5 0.04 ± 0.01 0.04 ± 0.01 
PR-4 19.2 ± 1.9 19.9 ± 1.7 0.64 ± 0.09 0.60 ± 0.10 
PR-8 23.5 ± 0.8 24.3 ± 1.4 1.32 ± 0.11 1.39 ± 0.23 
PR-12 25.0 ± 2.1 26.0 ± 1.5 1.93 ± 0.42 2.12 ± 0.12 
S-4 16.5 ± 0.6 16.5 ± 1.3 0.39 ± 0.06 0.36 ± 0.05 
S-8 21.5 ± 1.6 20.7 ± 1.6 0.92 ± 0.13 0.86 ± 0.16 
S-12 20.3 ± 1.4 19.4 ± 2.0 1.41 ± 0.20 1.29 ± 0.16 
Fiber-
content 
(%w/w)  
Water 
absorption 
(%w/w) 
Density     
(g·cm−3) 
Permeable 
void 
volume 
(%v/v)   
0 10.7 ± 0.5 2.18 ± 0.03 23.4 ± 0.8   
PR-4 18.5 ± 0.5 1.69 ± 0.02 31.1 ± 0.5   
PR-8 22.3 ± 0.5 1.69 ± 0.03 34.3 ± 0.5   
PR-12 24.4 ± 0.6 1.69 ± 0.04 35.6 ± 0.3   
S-4 17.9 ± 0.3 1.69 ± 0.05 30.5 ± 0.5   
S-8 19.9 ± 0.7 1.69 ± 0.06 30.7 ± 0.8   
S-12 19.9 ± 0.8 1.69 ± 0.07 33.2 ± 1.2   
Limitations, fiber degradation and dimensional 
instability 
Around the time that cellulose became a possible 
addition to cementitious materials, it was found that 
these materials underwent significant degradation 
processes that limited their long-term performance, 
dimensional instability of the products due to 
cellulose hygroscopy and reduction of mechanical 
performance associated to fiber degradation [6]. 
Vegetal fibers with high content in cellulose may 
reach up to 80% w.t. in cellulose [12,16]. The rest of 
the mass fraction is mainly hemicellulose and lignin, 
which are amorphous and, therefore, very 
susceptible to alkaline attack. This alkaline attack 
reduces the reinforcing efficiency of these fibers. 
A vegetal fiber microstructure is composed of a 
bundle of fibrils (60-100) which walls are mainly 
made of cellulose (Figure 5). These fibrils are 
bonded by other polymeric compounds (lignin and 
hemicellulose mainly) that present a reduced 
crystallinity and undergo alkaline hydrolysis that 
causes fibril detachment (zone pointed with yellow 
arrows in Figure 5b). Figure 5d clearly displays how 
hemicellulose filaments are torn apart and cellulose 
microfibrils are isolated. The result of a long 
exposure of cellulose-based fibers to cementitious 
environments (Figure 5c) leads to a fiber 
defragmentation that drastically reduces the 
mechanical capacity of these fibers. In addition 
Figure 5c shows a clear mineralization of the fibers 
that present deposition of hydration products at the 
fiber lumen and interface. 
 
 
Figure 5- Backscattered secondary electrons SEM 
micrographs of a single sisal fiber (a), sisal fiber 
embedded in Portland cement for 5 months (b), sisal 
fiber embedded in Portland cement after 400 cycles 
of soaking-drying cycles (c) and SEM images of 
sisal fiber embedded in Portland cement for 5 
months (d) [26]. 
 
It is possible to obtain cellulose fibrils through a 
pulping process after which cellulose pulp fibers 
present a reduced geometry, with a length of 0.5-
2.5 mm and a width of around 10-40 µm, and a 
higher content in cellulose, around 90-93% of the 
total mass in the case of bleached pulp [5,27,28]. In 
the case of cellulose pulp, amorphous components 
of the vegetal fibers are removed. Therefore, 
cellulose pulp is more resistant to alkali attack and 
can be effectively used in cement products. 
However, it has been widely reported that the long 
exposure of cellulose pulp to the alkaline 
environment of hydrated Portland cement leads to a 
loss of the fiber reinforcing capacity and, 
consequently, to a loss of the fiber-cement 
mechanical properties [10–13]. A possible way to 
mitigate this degradation process is fiber treatment 
to avoid the fiber contact with alkaline water, though 
it is expensive and sometimes is far from effective 
[29–31].  
 
Tailored solutions to improve cellulose-cement 
compatibility 
Solutions to decrease pH 
The most used technique to sort the degradation 
problem out has been the reduction of Ca(OH)2 
content present in the cement matrix [28,32–36]. 
Thus, the use of pozzolans as supplementary 
cementitious materials succeeded in this purpose, 
albeit this reaction it is not immediate and fibers are 
in contact with alkaline water in the meantime. 
Likewise, expansive reactions in hardened cements 
can take advantage of the excessive porosity 
introduced by cellulose when it is mixed with water. 
Thus, it was possible to replace up to 50% by mass 
of cement by gypsum and 35% by fly ash to produce 
fiber-cement products with reduced alkalinity with 
no deleterious effects over time [33,37]. Fiber 
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degradation was avoided by reducing pH of pore 
aqueous solutions from 12.8 to values under 11. 
Using this type of binders was proved that, reducing 
Ca(OH)2 by the reaction with fly ash and gypsum to 
form calcium silicate hydrates (C-S-H) and calcium 
sulfate aluminates (AFt and AFm), cellulose 
degradation was avoided with no adverse side 
effects related to expensive reactions of later 
formation of ettringite [37]. 
Total replacement of Portland cement by clinker-
free cements 
A successful case to preserve cellulose from alkali 
degradation is the use of magnesium-based 
cements. The reduced alkalinity of this type of 
cement compared to Portland cement avoids fiber 
degradation and improves the long-term 
performance of fiber-cement products. Since 
Magnesium Oxychloride and Magnesium 
Oxysulfate cements present leaching problems 
under wet conditions [38], as happens for drywall 
elements, MgO-SiO2 systems were reinforced with 
cellulose pulp (Figure 6). The result after using this 
cement was the preservation of all the fracture 
toughness after ageing and this toughness 
conservation was accompanied by an increase of 
flexural strength [39,40]. 
 
Figure 6- Flexural strength/specific deflection 
curves for fiber-cement products reinforced with 
bleached eucalyptus fibers for 4 point bending tests. 
In black samples with Portland cement matrices and 
in grey samples with MgO-SiO2 matrices. Straight 
lines display curves at 28 days of age and dashed 
lines display curves after 200 cycles of soaking-
drying cycles [40]. 
 
Thus, stronger and tougher materials were 
achieved using MgO-SiO2 cement after ageing 
compared to Portland fiber-cement. At this stage it 
is noteworthy that, since MgO-SiO2 cement has a 
higher water demand, this binder system is greatly 
benefitted by the extra water available provided due 
to the presence of cellulose. Although these 
cellulose-cement products are very porous at the 
early hydration stages, hydration takes place over 
time, which leads to a less porous and more rigid 
materials. 
 
 
Carbonation as a solution to degradation and 
dimensional instability problems 
Carbonation of cellulose-cement materials has also 
been reported from the beginning of cellulose 
reinforced cementitious materials development, 
where CO2 rich environments were considered 
beforehand as an ageing treatment [6]. Despite the 
lack of understanding of this phenomenon in those 
initial experiments, it was noted that cellulose-
cement products cured under rich CO2 conditions 
presented an improved performance. The beneficial 
effects of carbonation arise from the transformation 
of Ca(OH)2 into CaCO3. This mechanism begins 
with the diffusion of CO2 from the environment 
through unsaturated pores of cementitious 
materials (Figure 7). Inside the pores, CO2 dissolves 
in water to form carbonic acid (H2CO3), which is 
dissociated ion HCO3- and CO32-. Concurrently, CH 
is dissolved in Ca2+ and OH- that react with 
carbonates ions to precipitate the final CaCO3 
polymorphs [41]. 
 
 
Figure 7- Diagram with principal mechanisms for 
accelerated carbonation in Portland cement [41]. 
 
 
Steps to improvement of fiber-cement products 
through carbonation 
Fiber-cement products with 77 % of Portland 
cement and 10% of cellulose pulp by dry mass, 
when subjected for 2 days to CO2 saturated 
environment at 60oC and 90% RH, exhibited better 
mechanical properties compared to specimens 
cured at atmospheric CO2 concentration [42]. The 
most important outcome of this experiment was the 
difference observed between the samples after 
ageing. Non-carbonated samples after ageing 
displayed a flexural modulus of rupture of 4 MPa, 
while carbonated samples remain with values of 19 
MPa. In addition, samples submitted to carbonation 
displayed a decrease in average pore diameter in 
between 26 and 51% for the different ageing 
conditions studied. 
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Similar effects were found when cellulose fiber 
reinforced cement was submitted to supercritical 
carbonation, this is to conditions where pressure 
and temperature allow CO2 to behave like a dense 
gas solving agent with no surface tension, which 
permits its diffusion through very fine pores [41]. 
This type of carbonation procedure was applied to 
extruded cellulose-cement materials to assure 
enough CO2 diffusion, since these materials present 
a lower pore size distribution. In both cases, 
carbonation was effective to reduce the CH content 
present in the binder matrix. In accordance to that, 
CaCO3 was precipitated, which results into a fiber 
protection against alkaline degradation along with a 
refinement of the microstructure of the binder matrix. 
Thereby, water absorption was reduced as a very 
beneficial side effect. 
 
Table 2- Variation (by %) of the mechanical 
properties, Ca(OH)2 content and physical properties 
of fiber-cement products after carbonation based on 
different literature results. 
 
 
This fact was confirmed in a later research 
conducted on fiber-cement from industrial 
production [43]. Samples submitted to carbonation 
for 10h in a CO2 concentration of 15% presented a 
significant improved dimensional stability. Tests 
performed to evaluate the drying shrinkage of these 
fiber-cement products revealed that carbonated 
samples present 4 times lower dimensional 
variation values. With these experiences, in 
essence, cellulose-cement carbonation was proved 
to be effective against fiber degradation and 
dimensional variability. Nevertheless, one more 
aspect remained unveiled to properly understand 
and govern this technology: fracture mechanism. 
Carbonation effect on the interface between 
cellulose elements and hydrated cement 
Cellulose plays a key role during the hydration and 
carbonation processes of cellulose fiber reinforced 
cement. A region with higher water content is 
generated at the interface after cellulose releases 
water to the cement matrix. For non-carbonated 
fiber-cement, this region is richer in Ca(OH)2 since 
this water adsorption of fiber surface promotes the 
constant dissolution of Ca2+ and OH- and later 
precipitation of Portlandite [13]. Ca(OH)2 crystals 
are considered as one of the weakest compounds 
derived from Portland cement hydration [44], so the 
fiber-matrix interface can be considered as a weak 
region in these materials. In Figure 8, non-
carbonated fiber-cement regions of low density (1) 
around the cellulose present a very cracked 
structure compared to carbonated samples, where 
the interface shows a denser structure (2). 
 
 
Figure 8- SEM micrographs of polished fiber-
cement surfaces (left) non-carbonated and (right) 
carbonated [21]. 1 indicates regions of the matrix 
with low density around cellulose fibers, 2 points to 
higher density regions of the matrix after 
carbonation and 3 points to crystals inside the 
cellulose fiber lumen. 
However, lower density regions cannot be 
considered as a completely undesired situation 
since weaker hydration products around cellulose 
promote a fracture mechanism in which pullout is 
favored instead of reinforcement breakage. Pullout 
fracture is fundamental to experience larger 
deformations before material collapses and, 
therefore, it has to be ensured. In addition, when the 
excess water is evaporated, the surroundings of the 
fiber become a region with a greater porosity that 
drives the CO2 diffusion through the material (Figure 
9b). The combined effect of greater porosity to allow 
the CO2 inlet and the higher concentration of 
Ca(OH)2 makes the fiber-matrix interface an optimal 
region for CaCO3 precipitation [43] (Figure 9c). The 
immediate consequence of this CaCO3 precipitation 
is the refinement of the voids with bigger and denser 
particles (Figure 9d).  
 
 
Figure 9- Schematic representation of carbonation 
process at the fiber-matrix interface. 
 
Thus, the cementitious matrix is stronger and 
presents a greater binding capacity. However, the 
carbonation of fiber-cement products modifies the 
fracture mechanism, reducing the capacity of 
absorbing energy of the product. Santos et al. 
reported this episode after submitting fiber-cement 
extruded samples to wetting-drying cycles, since 
the fracture toughness values for both carbonated 
and non-carbonated samples decreased around 28% 
and 56% respectively [41]. The conversion of the 
Ref.
Non-
aged Aged
Non-
aged Aged
Non-
aged Aged
Non-
aged Aged
Non-
aged Aged
[41] 16,1 11,2 -9,4 55,9 16,7 32,6 4,9 9,5 -5,7 -6,5
[42] 116,9 353,7 22,2 625,0 71,8 71,8 12,5 13,5 -10,4 -8,4
[21] ** ** ** 100 100 12,6 ** -12,7 **
MOR Toughness 
Mechanical properties
Bulk 
density
Water 
absorption
Physical propertiesCa(OH)2 
reduction
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fracture mode from fiber pull-out to fiber failure may 
also be associated with large stresses prior to matrix 
cracking due to the stronger binding capacity of 
carbonated compounds that leads to fiber failure 
before the matrix collapses [41,42]. 
In order to mitigate this drastic collapse, a simple 
fiber treatment was applied before molding 
cellulose-cement products: hornification [45,46]. 
Fiber hornification is an economic and easy way to 
reduce water absorption of cellulose up to 33% by 
soaking-drying cycles. Thus, fiber swelling is 
reduced in high humidity conditions, by successive 
wetting-drying cycles. When hornificated cellulose 
fiber is added in cement sheets, the fracture 
mechanism modification is reduced since no 
statistical difference in toughness was found. 
Although carbonation reaction is expected to 
convert Ca(OH)2 into CaCO3 in any of its 
polymorphs, it has to be noted that carbonation also 
affects other hydrated phases, such as C-S-H gels 
[41]. 
One of the consequences of C-S-H gels 
carbonation at high CO2 concentration (> 10%) is 
the precipitation of silica gel. Once the carbonation 
reaction is over, silica gel remains available to react 
and form any other hydrated phases. In order to 
simulate accelerated ageing conditions, soaking-
drying cycles are conventionally used, during which 
this secondary hydration reactions may take place. 
Re-hydration of cement after carbonation is 
deduced from the statistical difference in apparent 
porosity before and after soaking-drying cycles, with 
values of 32.0 % and 28.9 % respectively. Thus, 
fiber-cement suffers another refinement process 
related to a modification of the fiber-matrix interface 
along with this secondary hydration. 
 
Cellulose nanofibers and carbonation 
Nanoparticles are attracting the interest of many 
scientific scenarios and fiber-cement composites 
are a possible application for this type of materials. 
The use of cellulose nanofibers is particularly 
interesting, since this material combines the 
properties of cellulose fibers and nanoparticles. 
Besides the advantages of using cellulose fibers 
mentioned beforehand, these nanoparticles bid new 
prospects for better mechanical performance of 
cementitious composites. This improvement is due 
to the great specific surface area of nanofibers (50‐
70 m2/g) [47] that reduces inter-fiber spacing and 
promotes more interactions between cellulose and 
the cement system [48].  As a result, cellulose 
nanoparticles are a forthcoming technique to control 
micro-cracking and increase the strength of the 
composites. 
However, the addition of cellulose nanofibers has 
also been related to a higher water retention due to 
the elevated specific area [49].  In regards to 
nanoparticles, correct dispersion in a cementitious 
paste and extra water demand for fresh cement 
workability are another concern as well [48]. All 
these factors related to the water absorption of 
cellulose nanofibers generate more porosity that 
decreases the binding capacity of the cement. 
Again, carbonation becomes an optimal solution to 
sort out the undesired side effects associated to an 
excess of porosity. 
 
Figure 10- SEM micrograph where nanofibrillated 
cellulose is bridging a cellulose microfiber and a 
hydrated cement particle [50]. 
 
When cement-cellulose composites with different 
reinforcement scale, 1% by mass of cellulose 
nanofibers and 8% of cellulose microfibers, are 
submitted to high environmental CO2 curing 
conditions, a bridging effect on the nano-scale is 
observed. This composite toughening, combined 
with the micro-cracking bridging of cellulose pulp, 
furthers the flexural modulus of the composite [50]. 
On the same work, an improvement of the 
nanofibers packing with the particles of the matrix 
was reported due to the high specific surface area 
of the nanofibrillated cellulose. Consequently, the 
production of hybrid composites with both nano and 
microfibers is arising as a promissory solution for 
cement-cellulose composites where carbonation is 
essential to improve the binder and interface 
properties. 
 
Conclusions 
The use of high CO2 concentrations for curing 
cellulose-cement systems is a promising technique 
that may contribute to both mitigate dimensional 
instability and avoid the degradation of cellulose-
based fibers in cement matrices. As happens for 
conventional Portland cement products, the 
carbonation reaction leads to stronger materials 
because of the cement pore refinement. The 
advantage of this type of materials is the extra water 
introduced by cellulose fibers due to their 
hygroscopic nature. After cement hydration is 
complete and under low humidity environment, 
cellulose fibers release the additional water, which 
takes place with cellulose shrinkage. As a 
consequence, the fiber-matrix interface becomes 
more porous, which favors the diffusion of CO2 
inside the matrix to later react with Ca(OH)2 and 
later form CaCO3.  
It is possible to conclude that flexural strength of 
fiber-cement products is preserved, even increased, 
over time for carbonated materials in comparison 
with non-carbonated ones. Since an effect of the 
carbonation reaction is the consumption of Ca(OH)2, 
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it is concluded that this technique avoids high-
alkalinity of water in the cement pores, so 
lignocellulosic fibers are not deteriorated after 
ageing. Likewise, the reduction of Ca(OH)2 content 
and its conversion to CaCO3 are mainly produced in 
the surroundings of the fibers, which modifies the 
density of the fiber-matrix interface. Thus, the 
denser interface leads to lower water absorption of 
the materials, in addition to a better dimensional 
stability. One more aspect that is interesting is the 
addition of nanofibrillated cellulose materials. 
Although nanocellulose may introduce an excessive 
amount of water as a result of the high specific 
surface area, when properly dosed and dispersed, 
these materials play an excellent role as bridging 
agent at the nanoscale that makes fiber-cellulose 
products more rigid and with higher flexural strength. 
In spite of all the advantages that have been 
presented in this work, there is still missing a 
decisive characteristic that needs improvement: the 
modification of the fracture mechanism after 
carbonation. The densification of the cement matrix 
reduces the material toughness as original pullout 
fracture in non-carbonated materials is replaced by 
a fiber failure fracture mechanism. In this regard, 
fibers functionalization or the use of longer 
lignocellulosic fibers may contribute to sort this 
difficulty out.   
Increasing the cellulose reinforcing volume in the 
system would be an additional prospect to 
increment the porosity of the matrix and, thus, 
counterbalance the densification of the interface. 
This solution would suppose an optimization of the 
different cellulose contents utilized up today since 
most of the fiber-cement formulations have been 
adjusted for non-carbonated products. Besides, an 
increase in the cellulose content would introduce a 
better thermal and acoustic performance of new 
fiber-cement products due to the insulating capacity 
of cellulose-based products. Therefore, a solution 
for cellulose chemical and physical stability in 
cement matrix may contribute for more energy-
efficient cement-based materials. Taken together, 
the carbonation of cellulose-cement systems 
becomes an optimal solution to achievement of 
smarter materials with a reduced CO2 footprint. 
We also assume that the principles presented here 
for Portland cement products are valid for other 
types of hydraulic binders that are susceptible of 
being carbonated. In this sense, any clinker-free 
cement is also a promissory material to be 
reinforced and functionalized with cellulose particles. 
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ABSTRACT 
 
This study presents the results of a trial of silica-based sol-gel modifications for mortar, as a component of 
brickwork in cavity-walls. Preventing transfer of moisture in to the building is an important function of cavity-
walls, with mortar specified based on exposure to wind driven rain. As exposure from meteorological events is 
of finite duration, reductions in the rate of absorption make a significant difference to the volume of water taken 
up and the depth of penetration. Silica-based sol-gel has been successfully used to enhance clay and bio-
based construction materials. In this work a silica-based sol-gel derived solution was used as a bulk additive 
at 3% of cement content for samples of mortar. Specimens were tested for water absorption and sorptivity 
using established techniques and monitored during drying under controlled conditions. Microstructural 
characterisation included nitrogen adsorption and imaging with scanning electron microscopy. Silica-based 
sol-gel treatment was found to modify the pore structure of mortar, reducing the water absorption by 50% 
without compromising subsequent drying times. 
 
1.   INTRODUCTION 
 
The likelihood of flooding is increasing as climate 
changes, with higher intensity rainfall leading to 
more frequent localized, surface-water flooding and 
downstream, fluvial flooding (Sayers et al, 2015). 
The number of properties at risk of flooding is also 
increasing because of planned development within 
current flood risk zones and extension of the zones 
due to changes to coastlines or catchments. 
Mitigation measures such as flood warning systems 
have reduced the risk to life but buildings remain as 
receptors when occupants evacuate. Property level 
flood resilience (PLFR) aims to reduce the 
consequences of flooding and make buildings 
quicker and cheaper to repair, with  interventions 
including changes of use of rooms most likely to 
flood, deploying temporary barriers and retrofitting 
fixtures and fittings to be water resistant (Lamond et 
al, 2017). However, the fabric of the building is 
fundamental to resilience.  External walls are 
exposed to water even where flooding is kept out of 
the building and the resulting moisture load not only 
delays refurbishment but also reduces the thermal 
efficiency. Materials that have lower absorption 
rates therefore have an important role in PLFR.  
 
The mortars in this study were produced as part of 
an investigation in to improving drying times of 
buildings after flood inundation. Current advice on 
selection of materials for flood resilience is based on 
Escarameia et al (2007) study of domestic walls, 
which tested masonry panels for leakage rates, with 
monitoring of subsequent drying. All panels were 
constructed using the same mortar mix so there is 
no guidance on specification, beyond noting that 
leakage occurred at mortar joints and thin joints 
performed better. Testing mortar samples with 
varying compositions, will therefore provide novel 
evidence to inform specification of mortars for 
resilient construction. 
 
Mortars have complex pore structures, which draw 
water from the surface by capillary action (Hall and 
Hoff, 2011).  Pore structure also affects drying 
behaviour (Prime et al, 2015) so a modification that 
reduces water absorption could have a minimal or 
negative effect overall if it increases moisture 
retention.  Silica-based sol-gel has been used to 
reduce water absorption of adobe (Calabria et al, 
2010) and bio-based materials (Hussain et al, 2017) 
by increasing hydrophobicity of the porous structure. 
In this work, silica-based sol-gel as a bulk additive 
in cementitious materials (mortars) to explore 
changes in water transport properties and relate 
them to the modified pore structure. 
 
2. MATERIALS 
 
Mortar samples were prepared in the ACE 
laboratories at University of Bath using proportions 
(Table 1) based on PD 6678 (BSI, 2005, p. 8). 
Batches were sized at 6kg to allow testing of the 
fresh mortar, produce three prism specimens for 
strength testing at each of 7, 28 and 56 days and 
construct a triplet component of three bricks (Figure 
1).   
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Table 1. Mortar proportions as mass per cubic 
metre of mortar after PD 6678 (BSI, 2005, p. 8) 
 
 
 
Figure 1. Preparation and testing of mortar samples.  
 
For comparability between mixes, quantities were 
specified by mass using sand that had been dried 
and sieved prior to batching. Mortar samples 
included an M4 cement:lime:sand mortar (M4 L), 
with CL90 non-hydraulic lime.  An M6 L 
cement:lime:sand mortar was considered but not 
developed as, in practice, lime is used in weaker, 
more flexible mixes. Each mix was prepared as a 
conventional sample (X) and a modified sample (B), 
with a silica-based sol-gel additive (Table 2).  
 
Table 2. Mix proportions of mortars with and without 
additive SGB (silica-based sol-gel). 
Mix 
CE
M II 
(g) 
CL9
0 
(g) 
san
d 
(g) 
wate
r 
(g) 
SG
B 
(g) 
liquid 
: 
binde
r ratio 
M4X 660 - 
453
0 
1250 - 1.89 
M4L
X 
630 210 435
0 
1140 - 1.81 
M6X 930 - 426
0 
1163 - 1.25 
M4B 660 - 453
0 
912 20 1.41 
M4L
B 
630 210 435
0 
770 20 1.25 
M6B 930 - 426
0 
926 28 1.03 
For better compatibility with cement, the sol-gel 
synthesis followed an alkaline protocol (SGB) using 
a (3-glycidyloxypropyl) trimethoxysilane precursor 
catalysed by a sodium hydroxide solution at room 
temperature. The silica-based sol-gel dose was 
calculated as 3% of the cement content for M4 and 
M6, with the sol-gel synthesis timed to allow 48 
hours of curing prior to mixing. 
 
A workable mix was used to allow comparison with 
mixes used in field trials. This required a 
liquid:binder ratio greater than the 0.5 used in 
standard mixes. A flow table (BSI, 1999) was used 
to test workability at the time of mixing as silica-
based sol-gel and lime modify the behaviour of the 
fresh mortar. 
 
Specimens were prepared and stored in line with 
the draft prEN 1015-11:2017 (BSI, 2017) allowing 
the modified mortars, which had a low early strength 
to be retained in moulds for up to three days. After 
demoulding, specimens were transferred to an 
environmentally controlled room (ECR) at 
20oC/50%RH, curing in polythene bags for the 
balance of 7 days (Figure 1). Specimens for testing 
at 28 and 56 days were then stored on wire racks in 
the ECR until required. 
 
3. PHYSICAL TESTS 
A set of three prisms from each sample were broken 
in three-point bending at 7, 28 and 56 days. The 
resulting half-prisms were then sprayed with 
phenolphthalein to indicate carbonation (1 
specimen), used to determine the compressive 
strength (3 specimens), or preserved for water 
transport testing (2 specimens). Results for tests on 
the 28 day specimens are given in Table 3. 
 
Table 3. Properties of mortar determined at 28 days. 
Mix 28 day 
strengt
h 
MPa 
Dry 
Densit
y 
kg/m3 
Water 
Absorptio
n  
kg m-2 
min-1/2 
Volum
e 
fractio
n 
porosit
y  
M4X 3.6 1630 1.56 27% 
M4L
X 
4.7 1640 1.38 26% 
M6X 11.3 1720 0.89 26% 
M4B 5.2 1650 0.75 20% 
M4L
B 
9.8 1730 0.46 18% 
M6B 13.5 1550 0.44 16% 
 
A modified test based on BS EN 1015-18 (BSI, 2002) 
was used to investigate water absorption of the 
mortars. Specimens were tested in groups, 
arranged on a wire rack to give a consistent depth 
of immersion, unsealed and with the formed face 
downwards to reflect flood exposure. Each 
specimen was weighed at 10, 40, 90 160 and 250 
minutes (Figure 1) providing 5 data points to 
determine sorptivity (Hall and Hoff, 2011, p. 135) as 
well as water absorption, 
 
Strength 
class 
(designatio
n) 
Masonr
y 
Cement 
kg 
Lim
e 
 
kg 
San
d 
 
kg 
Target 
28 day 
strengt
h 
MPa 
M4 (iii) 110  755 4 
M4L (iii) 105 35 725 4 
M6 (ii) 155  710 6 
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Figure 2. Sorptivity of standard (X) and silica-based 
sol-gel modified (B) mortars for 28 day specimens  
Volume fraction porosity (Table 3) was calculated 
from the saturated mass at the end of the absorption 
test, with further immersion where infiltration 
continued at 24 hours. Saturated specimens were 
prepared for drying by capping the broken face with 
aluminium foil tape. The capping was positioned to 
leave a consistent exposed height of 70mm, with 
additional foil used to achieve a level base for 
stability during drying. Specimens were dried on 
wire racks in a controlled environment (20oC/50% 
RH) until a stable mass was recorded. Moisture 
content reduced rapidly on the first day (Table 4) 
and stabilised within 10 days but did not return to 
the original dry mass. Normalised moisture contents 
at 1 day have therefore been calculated based on 
the final dry mass.  
 
Table 4. Moisture content by mass of 56 day mortar 
specimens during drying relative to dry mass prior 
to soak-dry cycle. 
Mix Saturate
d 
moistur
e 
content 
Moistur
e 
content 
at 1 day 
Residu
al 
Moistur
e 
content  
Normalis
ed mc at 
1 day 
M4X 16.9% 4.2% 1.0% 0.20 
M4L
X 
15.8% 4.2% 1.5% 0.19 
M6X 14.4% 4.8% 1.8% 0.24 
M4B 12.5% 3.2% 1.2% 0.17 
M4L
B 
11.3% 3.5% 1.7% 0.18 
M6B 9.6% 3.4% 1.8% 0.20 
 
4. MICROSTRUCTURE ANALYSIS 
 
Specimens for microstructure analysis were 
obtained from prisms after compressive strength 
testing. The pore distributions of core (Figure 3) and 
face (Figure 4) specimens for each mix were 
analysed using nitrogen absorption porosimetry. 
Drying and in-situ degassing temperatures were 
kept at or below 60oC to minimise changes of the 
silica-based sol-gel compounds. X-ray diffraction 
analysis showed the expected phases for ettringite, 
quartz, calcite and portlandite. Specimens with 
silica-based sol-gel had reduced calcium hydroxide 
content compared to conventional specimens. 
 
 
 
Figure 3 Pore volume distribution of specimens 
from core of 56 day prisms. 
 
 
Figure 4 Pore volume distribution of specimens 
from face of 56 day prisms.  
 
Following each analysis, specimens were selected 
and mounted for imaging of fracture surfaces with a 
scanning electron microscope (Figure 5). 
Portlandite plates were observed in all specimens 
but supported a finer network of interlaced crystals 
in the silica-based sol-gel mixes. 
 
 
Figure 5 SEM imaging of 28 day specimens. 
 
4. DISCUSSION 
 
The addition of silica-based sol-gel reduced the 
liquid:binder ratio required for the mortars, but the 
mixes without CL90 were difficult to compact for 
prism specimens and had poor adhesion to brick 
when used to construct triplet specimens.All the 
mortars were stronger and less absorbent with the 
addition of silica-based sol-gel, particularly the mix 
with CL90 where strength increased by a factor of 
two and absorption decreased by a factor of three. 
This may in part be due to the greater density 
achieved. 
 
Volume fraction porosity was calculated from the 
total mass of water absorbed during the sorptivity 
test, with subsequent immersion where necessary 
to saturate the sample. Factoring the infiltration by 
volume fraction porosity gives an indication of the 
rise of water during the test (Figure 6). The silica-
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based sol-gel modified specimens have a reduced 
rise as well as reduced infiltration so the reduction 
in absorption cannot be explained by reduced 
porosity alone.  
 
 
Figure 6. Rise of water in standard (X) and solgel 
modified (B) mortars for 28 day specimens. 
 
The combined effect of silica-based sol-gel and 
CL90 is also evident in Figure 6. The M4X and 
M4LX mortars show similar absorption rates. 
However the rise for M4LB is less than 80% of M4B. 
All the curves can be approximated by a straight line 
(r2 ≥ 0.99) but it is evident that the rate of rise 
reduces. This may in part be due to evaporation 
from an increasing wetted area, but the curve is 
more pronounced for samples with CL90 indicating 
that pore structure does contribute to the reduction. 
 
Drying of the specimens was consistent with an 
initial constant drying rate period and subsequent 
falling drying rate period (Hall and Hoff, 2011, 
p.203). None of the specimens returned to their 
original mass, suggesting that some water was 
retained through adsorption or further reaction.  
 
The pore distribution showed a peak at about 3nm 
in all core specimens. This was greater with the 
addition of silica-based sol-gel, which also extended 
the distribution below 2nm. Face specimens had a 
more distinct peak, with the exception of the CL90 
mixes. This is consistent with a finer porosity 
developing during carbonation of the non-hydraulic 
lime, as seen in the SEM images (Figure 5).    
 
5. CONCLUSIONS 
 
The use of silica-based sol-gel as an additive 
affected the workability, physical properties and 
microstructure of mortar mixes. The modified 
mortars had a higher compressive strength and 
lower water absorption than conventional mortars, 
particularly for the mix including CL90. Further work 
would be useful to compare drying rates for fully 
congruent specimens, with a single exposed face. 
Subsequent analysis of pore distribution and 
chemical composition should also be completed to 
investigate the extent of renewed reaction on 
wetting. 
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ABSTRACT 
 
One-part (just-add-water) alkali activated binders are of interest due to their ease in practical applications, 
particularly in on-site works. This paper focuses on a method to develop ultra-high performance one-part alkali 
activated concrete using particle packing technology. Modified Andreassen particle packing model is employed 
to optimize the binder and aggregate content that results in a denser matrix. Two different q-parameter values 
are used in designing the mixes to evaluate its influence in properties like flowability and compressive strength. 
Lower q-value leads to higher binder content i.e., it moves towards the finer gradation of particles. Mixes with 
higher fines content show better workability with high flow percentages measured by the spread table (>120% 
flow). Variation in water-to-binder ratio (0.25 - 0.35) affects the flow and compressive strength of alkali 
activated concrete irrespective of q value used in the design. Compressive strengths over 120 MPa is achieved 
after 28-day curing. The concept of ultra-high performance concrete with particle packing technology is well 
established by concrete technologists. However, its application in geopolymer concrete, in specific to one-part 
alkali activated materials is explored for the first time in this work.  
 
 
1.   INTRODUCTION 
 
Mix design plays an important role in achieving the 
desired fresh and hardened properties of a concrete. 
There are many standard mix design methods 
adopted for Ordinary Portland cement (OPC) 
concrete which have been followed for special 
binding systems like alkali activated binders. One 
such methods is particle packaking method that is 
used to achieve the maximum packing density of 
particles (Fennis and Walraven, 2012, Shi et al., 
2015; Zuo et al., 2018). The main advantage of 
alternative binding systems is to reduce CO2 
emission of OPC which is almost 7% of world’s CO2 
emissions (Barcelo et al., 2014). Alkali activated 
binders perform outstanding in this case by using 
industrial by-products and waste materials as a 
source (Gartner and Hirao, 2015).  
Conventionally, alkali activation is performed in two-
parts by using aqueous solution of alkali hydroxides 
and silicates to activate aluminosilicate precursors 
such as fly ash or slag. However, this processing 
technique restricts the application of this material 
due to the problem of handling the corrosive alkali 
activators. This results in the development of 
technique called one-part or “just-add-water” alkali-
activated cements that can be used similar as OPC 
concrete (Luukkonen et al., 2018). Though this 
technique has been developed as early as 1940 
(Purdon, 1940), this material is not studied 
extensively as that of two-part geopolymers. In this 
paper, an attempt is made to design an ultra-high 
performance of ground granulated blast furnace 
slag (GGBFS) based geopolymer mix with particle 
packing technique using modified Andreassen 
model. The effect of choosing different distribution 
modulus (Q value) and water-to-binder ratio on the 
fresh and hardened properties of one-part alkali-
activated cements were explored.  
 
2. MATERIALS AND METHODOLOGY 
Ground granulated blast furnace slag (GGBFS was 
used as binder material which is obtained from 
Finnsementti, Finland. GGBFS was co-grinded with 
anhydrous sodium silicate (SiO2/Na2O = 0.9) in the 
ratio of 9:1. Fine aggregate was sieved in to two size 
fractions as fine sand and coarse sand which was 
passing and retained in 500 µm size sieve, 
respectively.  
Mixture proportion was designed using modified 
Andreassen model which gives the maximum 
packing density from the following equation, 
 
𝑃(𝑑) = (
𝑑
𝑑𝑚𝑎𝑥
)
𝑄
 
 
Where, P(d) is the Cumulative percent finer than d 
(particle diameter) and dmax is the maximum size of 
particle used in the mixture. Q is the distribution 
modulus, takes values of 0.25 and 0.3 in this study 
to know its effect on concrete properties. 
Commercially available software (EMMA particle 
analyzer) was used to arrive at the mix design as 
shown in Table 1. 
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Table 1. Mix proportion based on particle packing 
model. 
Q 
value 
Co-grinded 
slag  
Fine 
sand  
Coarse 
sand  
0.25 1 0.8 1 
0.3 0.8 1 1 
 
Mixture distribution of the ingredients to fit the 
modified Andreassen model for specified Q values 
are shown in Figure 1. It can be noted that lower Q 
value shows better fitting as it means more fine 
particles that fills the voids formed by coarser 
aggregates (Kumar and Santhanam, 2003).   
 
Figure 1. Mixture distribution compared with 
modified Andreassen model for Q values 0.3 and 
0.25. 
 
Co-grinded GGBFS, fine and coarse sand as 
specified in the Table 1, were mixed in Hobart 
mixture for 3 minutes. Calculated quantity of water 
(Water-binder ratio = 0.25, 0.3 and 0.35) was added 
to the dry mix and further mixed for 2 minutes to get 
a homogenous alkali activated GGBFS mortar. Flow 
percentage of the fresh mortar was calculated with 
flow table (ASTM C1437). Prismatic (40 × 40 × 160 
mm) and cubic (50 mm) specimens were cast and 
demoulded after hardening in 24 hours. The 
specimens were maintained in curing chamber of 
100% RH and 20°C until testing at 28th day. 
Eighteen prismatic beams were tested for flexural 
strength of different mixtures and the results are 
average of triplet for each mix. Three-point bending 
test as per ASTM C78 recommendation was 
followed with a deflection rate of 0.6 mm/min. The 
compressive strength (average of six specimens) 
was measured with the broken pieces of flexture 
testing as per ASTM C349. Cubic specimens were 
used to measure the porosity (average of three 
specimens) of the matrix as per EN 1936, with the 
oven drying performed at 105 ± 5˚C instead of the 
specified 70± 5˚C for fast drying.  
 
3. RESULTS AND DISCUSSION 
Figure 2, gives the flow percentage of geopolymer 
mortar with GGBFS designed with different Q 
values. It can be observed that mix with Q=0.25 
results in higher flow percentage compared to 
Q=0.3, irrespective of water-binder ratio. For 
example, flow increased from 60% to 125% when Q 
value was increased from 0.3 to 0.35 at a water-
binder ratio of 0.35. This can be related to the better 
fit to the model curve noted for lower Q value in 
Figure 1. Hence, optimum packing of mix 
ingredients plays an important role in fresh 
properties of mortar/concrete. Finer the ingredient, 
lower Q values gives good workable mix. As 
expected, the flow increased with increasing water 
content for both the Q values. 
 
 
Figure 2. Effect of Q values and W/B ratio on flow 
percentage. 
The hardened properties of the designed mixtures 
were analysed, and the results are shown in 
Figure 3 and 4. Interestingly, compressive strength 
increased with increasing water-binder ratio with 
higher Q value. As in the case of one-part 
geopolymer, addition of water results in four 
consecutive reactions as follows: (1) ion exchange, 
(2) hydrolysis, (3) network breakdown, and (4) 
release of Si and Al ions (Matalkah et al., 2017). 
Hence, water plays an important role in reaction 
initiation though further kinetics are similar to the 
two-part geopolymers.  
Together with the packing method of mix proportion 
and availability of water content must have affected 
the release rate of Si and Al, resulting in strength 
increase with water-binder ratio. However, this is 
not the case when Q value is 0.25. Compressive 
strength was increasing with increasing water 
content and reached maximum for a water-binder 
(w/b) ratio of 0.3 and, reducing for further increment 
in water (Fig. 3). This trend is also observed with the 
permeable pore percentage of the mixtures as 
shown in Figure 4. Permeable pores are 6.5% for a 
w/b ratio of 0.3 and increases to 7.5% for w/b ratio 
of 0.35. This can be explained by the existence of 
an optimum water content which could result in 
enhanced properties of the one-part geopolymer 
mixtures based on the kinetics involved. For Q-
value of 0.25, the optimum water content is 0.3, 
whereas for Q-value of 0.30 optimum water content 
is 0.35 or above.  
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Figure 3. Effect of Q values and W/B ratio on 
compressive strength. 
 
Figure 4. Effect of Q values and W/B ratio on 
porosity of mortar matrix. 
 
Further analysis was made to know the reason for 
such a trend. Representative micrographs of one-
part geopolymer made of GGBFS were captured 
and presented in Figure 5. In the mixtures with 
Q=0.25, Formation of microcracks are clearly 
observed in mix with w/b ratio of 0.35 whereas mix 
with w/b ratio of 0.3 is intact without any crack 
formation. It can also be noteworthy to mention that 
the white portions represent the unreacted 
GGBFSpresent in the matrix which is high in mix 
with w/b ratio of 0.3 (Fig. 5a) that would act as 
restraint in crack formation. High paste content in 
the other mix results in shrinkage and crack 
formation. Considering lower w/b ratio of 0.25, the 
lower compressive strength can be related to the 
insufficient water content for the dissolution of solid 
alkali sources to initiate the activation of alumino-
silicate precursors.  
 
 
 
 
4. CONCLUSIONS 
 
The following conclusions are drawn based on the 
experiments conducted on particle packing 
technique of mix design in one-part alkali activated 
GGBFS mortar: 
Workability of the mix depends on the efficient 
particle packing and the best fit with the model. Q 
value of 0.25 was superior to 0.30 in terms of fresh 
state flow properties.  
 
 
 
Figure 5. Representative microstructure of GGBFS-
geopolymer mortar with Q value 0.25 and water-
binder ratio a) 0.3 and b) 0.35. 
Mechanical properties and permeable porosity 
depend on the water-binder ratio, which in turn 
depends on the mixture proportioning and Q value 
of the mix. 
At lower w/b ratio, compressive strength is reduced. 
This is presumably due to insufficient water 
provided for the dissolution and activation of the 
GGBFS.  
The optimum water content varies with the amount 
and type of mix ingredients used, and the Q value 
chosen. For the chosen mix design, the optimum 
w/b ratio was found to be 0.3 resulting in effective 
particle packing, lowest permeable pore percentage 
(6.5%) and highest compressive strength (122 MPa) 
for the Q value of 0.25.  
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ABSTRACT 
 
Various individual analytical tools and techniques have been used to study the complexity of cement hydration 
and its microstructural development at early age. Nevertheless, a combination of these techniques is needed 
to understand the complexity of cement (i.e. chemical composition, hydration kinetics, microstructural 
development, admixture effects) and obtain sufficient data to enable interpretation of the underlying reaction 
processes. To understand the major aspects that influence the electrochemical response of cement paste 
during hydration, the complementary application of multiple techniques is of great importance. Alternating 
current impedance spectroscopy (ACIS) assesses the electrical response of a material (in the fluid or hardened 
state) as a function of time and frequency. However, this technique is not fully accepted by the cement research 
community due to certain limitations such as electrode contact, current dispersion and the influence of parasitic 
effects and data interpretation. In order to demonstrate the true value of ACIS as a characterisation technique 
for cement hydration at early ages, this paper evaluates the electrochemical behaviour of Portland cement 
during the first 24 hrs after mixing using ACIS and other supporting techniques. The results demonstrate that 
ACIS is able to differentiate changes in the chemical composition, temperature and microstructural 
development during cement hydration throughout the period of setting and hardening, providing a valuable 
tool in understanding the chemical details of this complex process. 
 
 
1.   INTRODUCTION 
 
In the last decades, due to its many advantages 
over other materials, Portland cement has been one 
of the most used construction materials in the world. 
However, to improve its mechanical properties and 
applications, it has been of crucial importance to 
understand the mechanism of reaction, dielectric 
properties, and changes in its microstructure during 
the hydration process (McCarter, 1994; Langan, 
Weng and Ward, 2002; Lothenbach, Scrivener and 
Hooton, 2011; Cruz et al., 2013; Tang et al., 2017). 
The hydration of cement at early ages is not entirely 
understood yet, since it is a complex process which 
involves mixing a multiphase material (cement 
powder) with water, triggering a large number of 
simultaneous and successive reactions, leading to 
the production of chemical and physical changes, 
release of heat, and formation of new hydrated 
products (Kohlhaas, 1983; Taylor, 1997; Hewlett, 
1998; Mehta and Monteiro, 2006).  
 
Over the years many different analytical tools and 
techniques have been used to assess cement 
hydration. One of these techniques is alternating 
current impedance spectroscopy (ACIS), a non-
destructive technique which is designed to probe 
the electrical response of a system as a function of 
frequency, and potentially in a time-resolved 
manner. The system-electrode response (at low 
frequency) and the system bulk response (at high 
frequency) can be obtained from the electrical 
response obtained from impedance assessment of 
the sample; this is frequently represented by a 
Nyquist plot which is divided into the real (Z’) and 
the imaginary (-Z’’) components of complex 
impedance (Z) (Macdonald and Johnson, 2005; 
Orazem and Tribollet, 2008; Yuan et al., 2010). 
Although ACIS has been applied to assess cement 
hydration and its microstructural development by 
numerous researchers, this technique is not fully 
recognised as a cement characterisation technique 
due to certain limitations such as challenging data 
interpretation, undesired inductance effects at high 
frequency (impedance values below Z’ plane), 
electrode effects and ground coupling effects, 
among others (Hsieh, Mason and Pederson, 1996; 
Hwang et al., 1997; Cormack, Macphee and Sinclair, 
1998; Mason et al., 1998; Spragg et al., 2013).  
 
The aim of this paper is to evaluate, using ACIS, the 
electrochemical response of white Portland cement 
(wPc) pastes in the early stages of hydration (the 
first 24 hours after mixing). By assessing these data 
in parallel with information about the 
thermochemical response and setting times of wPc 
pastes, new insight can be gained.  
 
 
 
2. MATERIAL AND METHODS 
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2.1 Sample preparation 
 
Each sample was hand mixed at room temperature 
by mixing white Portland cement (wPc; Lafarge Blue 
Circle Snowcrete) classified as CEM I 52.5R under 
BS EN 197-1 (European Committee for 
Standardization, 2011) with water at a 0.45 water to 
cement mass ratio.  
The paste obtained was transferred into three 
different vessels: 300 g into a custom-built 
electrochemical cell designed for ACIS 
measurements, 20 g into a plastic ampoule for 
thermochemistry measurements, and 300 g into a 
plastic mould for setting times testing. The chemical 
composition and physical properties of wPc are 
shown in Table 1. 
 
Table 11. Chemical composition of wPc as 
determined by X-ray fluorescence analysis 
wPc compound (wt%) 
SiO2 
Al2O3 
CaO 
Fe2O3 
MgO 
23.7 
3.9 
66.5 
0.2 
0.9 
Na2O 
K2O 
SO3 
Others 
LOI 
0.23 
0.5 
2.6 
1.0 
1.2 
Density (kg/m3) 2800-3200 
Particle size (m) 5-30 
 
2.2 Instrumental analysis  
 
ACIS measurements were obtained using an 
impedance analyser (Metrohm AutoLab, 
PGSTAT204) connected to a custom-built 
electrochemical cell with two threaded stainless 
steel electrodes, whose specifications are shown in 
Figure 1. The experimental procedure involves   the 
use of a perturbation amplitude of 10 mV and a 
current range of 1 mA. Each measurement 
consisted of 50 data points per cycle over a 
frequency range of 100 Hz to 1 MHz. Measurements 
were obtained every 5 minutes over a period of 24 
hours.  
The Nyquist plot was used to represent the 
impedance response of wPc paste, in which Z’ (real 
component) and -Z’’ (imaginary component) were 
plotted from the electrical response of the pastes. 
Parasitic effects were recognised as the impedance 
values below the Z’ plane.  
The conductivity of wPc paste was acquired by 
dividing the intercept point in the Z’ plane of the 
impedance spectra with a cell-constant (obtained by 
measuring different concentrations of NaOH 
solution of known resistivity (Prichard and Barwick, 
2003; Shreiner and Pratt, 2004; Provis, Walls and 
van Deventer, 2008; Rosemount Analytical, 2010). 
 
Figure 1. Custom-electrochemical cell illustration 
(scale in cm). 
 
Thermochemistry analysis was conducted by using 
an 8-channel TAM air isothermal calorimeter (TA 
Instruments). Measurements were obtained during 
the first 24 hours after mixing following the standard 
procedures (ASTM Committee C09.48, 2014). 
The setting time test was conducted using a 
Vicatronic apparatus (Matest, E044N) according to 
the 90 penetration standard procedure (ASTM 
Committee C01, 2003). The measurements were 
obtained during the first 15 hours after mixing.  
 
2.3 Calibration and ACIS measurements correction 
 
In order to decrease any parasitic effects (caused 
by the device, the electrochemical cell and the 
leads), the impedance response of the custom-built 
electrochemical cell in a short circuit without cement 
paste was measured. The measurements obtained 
(short circuit) at each frequency were considered as 
additive values to the sample impedance 
measurements. 
 
3. RESULTS AND DISCUSSION 
 
While grey Portland cement (gPc) is one of the most 
used materials in the construction field, wPc is 
commonly used for decorative and aesthetical 
purposes due to its higher manufacturing cost and 
energy consumption. Often, wPc has a higher 
surface area and compressive strength, higher 
content of C3A, smaller particle size, and lower 
content of Fe2O3 and MnO than gPc (Taylor, 1997; 
Hewlett, 1998; Mehta and Monteiro, 2006). 
Figures 2 and 3 show the calorimetric and setting 
time data (which are consistent with the broader 
literature for Portland cement hydration), and 
Figures 4 and 5 show the impedance response, and 
conductivity and resistivity measurements, 
respectively, for wPc during the first 24 hours after 
mixing. 
The impedance results in Figure 4 show a low 
impedance and bulk resistance semicircle arc is 
present 5 minutes after mixing, which is attributed to 
the high conductivity, high particle surface area and 
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free water content of the cement paste at early age 
(Zhang and Napier-Munn, 1995).  
Approximately 1 hour after mixing, a perturbation 
correlated to the beginning of the dormant period 
(Figure 5) is observed in the conductivity 
measurements. This perturbation is followed by an 
increasing tendency in the conductivity as a result 
of the increase of the concentration of ionic species 
in the aqueous solution within the cement paste, 
and a high mobility of these ions. 
The appearance of inductance effects in the 
impedance measurements is observed 
approximately 4 hours after mixing. These effects 
are related to the beginning of the acceleration 
period (Figure 2) and a second perturbation in the 
conductivity measurements. At this time, directly 
after saturation of the pore solution is reached, the 
precipitation of new hydrated products begins, 
which causes a decreasing tendency in the 
conductivity as ionic mobility is reduced.  
During the deceleration period, wPc shows an 
increasing tendency in the resistivity and a 
perturbation is observed at around 8 hours after 
mixing. These effects are related to the final setting 
time (Figure 3) (Dotelli and Mari, 2001; Ylmén, 
Wadsö and Panas, 2010; Pang et al., 2013).   
At 24 hours after mixing, the ACIS measurements 
show a more developed bulk semicircle arc of 
higher impedance which is attributed to a low free 
water content, a limited space for the production of 
new hydrated products, and a more developed 
microstructure (Christensen et al., 1994; McCarter, 
1994, 1996; Moss et al., 1996; Dong et al., 2014).  
 
3. CONCLUSIONS 
- The experimental results demonstrate that ACIS 
can be used as a characterisation tool to assess the 
microstructural development and electrical 
properties of cement during hydration.  
- To obtain a better interpretation of impedance data, 
the use of different supporting techniques is needed.  
- The impedance and electrical conductivity 
response obtained correspond to those reported in 
previous investigations. 
- The emergence and behaviour of inductance 
effects at high frequency need further investigation.  
 
Figure 2. Calorimetric curve of wPc during the first 
24 hours after mixing. 
 
Figure 3. Penetration displacement of wPc in Vicat 
testing during the first 15 hours after mixing. 
 
Figure 4. Impedance response of wPc at 5 minutes 
and 24 hours after mixing. 
 
 
Figure 5. Resistivity and conductivity of wPc during 
the first 24 hours after mixing. 
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ABSTRACT 
 
Alum salts are commonly used as coagulants in the purification of surface water for potable supplies. The large 
volumes of waste alumina-rich sludge generated are a waste management problem. At present, these are 
disposed in landfills, thus pose environmental challenge. This study has sought to valorise the sludge by 
investigating the interaction between calcined alum water treatment sludge and limestone powder in ternary 
composite cement. The mechanical properties were studied in mortars and microstructural development in 
pastes using X-ray diffraction (XRD), thermogravimetric analysis (TGA) and Fourier Transform Infrared 
spectroscopy. As the aluminate phase in cement clinker is limited, the chemical effect of limestone powder in 
cement-based materials is restricted. Our results show that calcium carbonate reacts with the additional 
aluminates from the calcined sludge, forming supplementary AFm phases and thereby stabilizing ettringite, 
which translates to improved mechanical properties that persist over time. This synergistic effect between the 
alumina-rich calcined sludge and limestone powder suggests a potential waste management solution for water 
treatment sludges by incorporating them in composite limestone cements  
 
INTRODUCTION 
Due to rapid urbanization and population growth, 
there is a growing increase in industrial wastes and 
their disposal has become a challenge. A possible 
waste management solution is to use these wastes 
as mineral additions in cement-based materials. 
Economically, this will lower the cost and 
consumption of energy associated with the 
manufacture of construction materials such as 
Portland cement. Environmentally, the disposal 
challenge of these wastes is solved and reducing 
the clinker content of cement reduces greenhouse 
gas emissions.  
Water treatment facilities generate large amounts of 
waste residue, known as water treatment sludge 
(WTS), during the purification of surface water for 
potable supplies. The purification of water is 
composed of a coagulation/flocculation process 
where chemical coagulants are added to 
agglomerate impurities, aiding sedimentation and 
filtration of the contaminants from the liquid phase. 
In the UK, aluminium sulfate is commonly used as a 
chemical coagulant which leads to the generation of 
an alumina-rich waste commonly known as alum 
water treatment sludge (AWTS). The physical and 
chemical characteristics of AWTS mainly depends 
on the source water quality and dosage of 
coagulants added during the water treatment 
process [1]. Previous studies indicate that AWTS 
ashes that are also rich in silica exhibit pozzolanic 
activity with cement without sacrificing quality of 
cementitious materials [2, 3].  
Limestone powder is widely used in cement and it 
has been confirmed that limestone additions can 
react with aluminates in cement and improve 
mechanical properties [4, 5]. Calcium hemi- and 
monocarboaluminate are produced rather than 
monosulfoaluminate [5-8], thus stabilizing ettringite. 
Using thermodynamic modelling, it has been 
reported that the increase in solid volume in a 
ternary blend of cement-limestone-SCM when 
replacing limestone by an SCM is related to the 
reactive alumina content of the SCM [9]. In this 
sense, the use of calcined alum sludge is interesting 
because of its reactive alumina content. The aim of 
this study is to investigate the synergistic interaction 
between calcined AWTS and limestone powder in 
ternary composite cements. Both compressive 
strength and flexural strength of mortars have been 
measured. In addition, blended cement pastes were 
characterized by TGA, XRD and FTIR techniques.  
1. MATERIALS AND METHODS 
CEM I 52.5R, limestone powder (L) and ground 
alum sludge (S) which had been calcined at 825oC 
for 2 hours, were used for the preparation of 
blended cement pastes. Natural sand sieved to a 
maximum size of 2.0 mm was used to prepare 
mortars. The sludge ash has a high water demand, 
so a polycarboxylate based superplasticizer (Sika 
Viscocrete 25MP) was used at constant dosages to 
maintain workability. Physical and chemical 
properties of cementitious materials are shown in 
Table 1. 
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Table 1. Physical and chemical properties of OPC 
and SCMs  
Characteristics Cement 
(C) 
Calcined 
Sludge 
(S) 
Limestone 
(L) 
Oxide 
composition 
(wt. %): 
   
SiO2 20.5 17..67 2.00 
Al2O3 4.60 67.39 0.80 
Fe2O3 2.40 4.75 0.32 
CaO 63.4 4.55 53.13 
MgO 2.00 0.54 0.64 
SO3 3.60 2.12 0.07 
Density (g/cm3) 3.17 3.09 2.72 
Blaine fineness 
(m2/kg) 
349 1108 328 
D50(μ) 11.66 24.76 20 
     
Mortar samples (1:3:0.55) were prepared in (40 x 40 
x 160 mm) moulds. Reduced workability due to 
fineness of calcined sludge was mitigated by adding 
1% superplasticizer by mass of total binder. Each 
prism was halved to determine the compressive 
strength at 2, 7 and 28 days. Table 2 shows the mix 
proportions of mortars used. The corresponding 
blended pastes were characterized by XRD and 
FTIR to identify hydration products. 
Thermogravimetric analysis (TGA) was used to 
determine the bound water, residual carbonate and 
Portlandite contents. Bound water (Wn) was taken 
as mass loss between 50 and 550oC and then 
normalized to the ignited weight at 550oC. 
Meanwhile, Ca(OH)2 and CaCO3 were quantified by 
the tangent method and normalized to the 
anhydrous binder content. The consumed calcium 
carbonate content was calculated by subtracting the 
residual calcium carbonate content obtained by 
TGA from the initial content. 
 
Table 2. Mix proportions of cement blends  
Mix 
description 
C-S--L 
Cement 
(C) 
Calcined 
Sludge 
(S) 
Limestone 
(L) 
Sand W/B SP 
100-0-0 450   1350 0.55 1% 
80-20-0 360 90  1350 0.55 1% 
80-0-20 360  90 1350 0.55 1% 
80-6.7-13.3 360 30 60 1350 0.55 1% 
80-10-10 360 45 45 1350 0.55 1% 
80-13.3-6.7 360 60 30 1350 0.55 1% 
 
 
 
      
 
 
2. RESULTS AND DISCUSSION 
 
Figure 1 shows compressive strength of the cement 
blends up to 28 days. At all ages, the binary mixes 
containing either limestone or calcined sludge 
produced significantly lower strengths than the 
ternary blends. Majority of the strength gain in the 
binary 80-20-0 takes place at early ages. Calcined 
alum is known to be pozzolanic [10]. However, 
whilst reactive alumina influences setting time and 
rheology, their strength contribution is small [11] 
except in combinations with porosity modifying 
anions [12]. On the other hand, because the 
aluminate phase in cement clinker is small, the 
chemical reactivity of limestone is limited [4]. 
Therefore, cement replacement with limestone 
reduces the amount of hydration products formed, 
increase effective w/c ratio and hence reduction in 
strength at all ages.  However, ternary limestone 
cement blends generally showed higher strengths 
comparable to plain CEM I at later ages and 
consistent with the observations from PFA and slag 
ternary blended cements [6, 7]. This could be 
attributed to the synergistic interaction between the 
extra aluminates provided by the sludge ash and the 
carbonates in the limestone powder. Aluminates 
react with carbonates to form carboaluminates 
instead of consuming ettringite to form 
monosulfoaluminate [8]. This means there is higher 
volume of hydrates as indicated by the bound water 
content (Figure 3). Consequently, porosity is 
reduced leading to higher strength. 
 
Figure 1. Strength development for sludge ash 
blended cements. 
 
 
Figure 2. DTG curves for sludge ash samples at 28 
days of hydration. . Cc – calcite, CH – portlandite, 
C–S–H – calcium silicate hydrate, E – ettringite  
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The DTG curves in Figure 2 show that the 
incorporation of calcined sludge leads to the 
formation of AFm phases: monosulfoaluminate and 
carboaluminates in the binary and ternary blends 
respectively. The reduction in portlandite and 
carbonate peaks with sludge ash addition is an 
indication of its reactivity in the respective blended 
systems. Figure 3 shows that the normalized 
portlandite content reduces with the addition of 
calcined sludge. While limestone powder 
participates to a limited extent in the cement 
hydration process, the incorporation of calcined 
sludge led to higher carbonate consumption, which 
declined at sludge ash additions higher than 6%. 
This could mean that the sludge ash consumes 
portlandite more rapidly at the expense of 
carbonates.    
 
 
 
Figure 3. Bound water, Portlandite and consumed 
carbonate contents at 28 days of hydration. 
 
The phases present in samples hydrated for 28 
days have been identified by FTIR (Figure 4) and 
agree with those from TGA (Figure 2). The O-H 
vibration at 3640cm-1 marks the presence of 
Portlandite [13]. The broad peak at 3410cm-1 is due 
to the vibration of H2O in hydrating cement. 
Ettringite is stable if there are sufficient sulfate ions 
present in the system. In the pure CEM I paste, the 
characteristic peak due to the vibration υ3-SO42- at 
1120cm-1 indicates the presence of ettringite. This is 
supported by the presence of υ2-H2O at 1675cm-1 
assigned to the deformation of water in ettringite [14, 
15]. In the binary 80-20-0 blend, additionally 
dissolved aluminates from the sludge converted 
ettringite to monosulfoaluminate as indicated by the 
disappearance of the ettringite and the emergence 
of the sharp Al-O peak at 525cm-1 and peak at 
1120cm-1 respectively [13].  This is consistent with 
the XRD data in Figure 5. 
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Figure 4. FTIR spectra of cement blends at 28 days 
of hydration. 
 
In the pastes containing limestone powder, the 
monosulfoaluminate almost disappears and the 
ettringite peak at 1120cm-1 is reinforced. In the 
absence of gypsum, aluminates react with CaCO3 
to form monocarboaluminate and/or the lower 
carbonate content phase hemicarboaluminate. 
Monocarboaluminate is a more stable phase due to 
its insolubility at ambient temperature and this may 
be the reason why it is the observed in all limestone 
blends. The spectra of carboaluminates can be 
assigned on the basis of the carbonate ion being a 
planar tetra-atomic species with trigonal-D3h 
symmetry [15]. Monocarboaluminates are indicated 
by the υ3CO32- (1416cm-1) together with υ2-CO32- 
(875cm-1) and υ4-CO32- (712cm-1) [15]. 
Assignments of the spectra is consistent with XRD 
analysis (Figure 5). 
 
 
Figure 5. XRD for sludge ash samples at 28 days 
of hydration. Ms –monosulfoaluminate, E – ettringite, 
Hc – hemicarbonate, Mc – monocarbonate. 
 
CONCLUSIONS 
 
Calcined alum sludge was shown to be a viable 
substitute to conventional SCMs. At 28 days, 
coupled substitutions of the sludge ash and 
limestone produced higher performance than the 
individual contributions of each SCM.  
XRD, FTIR and TGA showed that the presence of 
limestone leads to the formation of hemi- and 
monocarboaluminate instead of mono-
sulphoaluminate hydrate and thus stabilizes 
ettringite. This leads to an increase in the volume of 
hydrates, reduction in porosity and increase in 
strength.  
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ABSTRACT 
 
Predicting the durability of concrete structures is a complex task that requires the quantification of a number 
of poorly understood phenomena. In the context of durability, chloride attack is the most common reason for 
steel rebars to corrode. Chloride ingress in cementitious materials is thought to be influenced, at the nanoscale, 
by the physical binding i.e. the adsorption of ions on the C-S-H surface. Nonetheless, most of the existing 
models fail to predict new experimental results, particularly when Supplementary Cementitious Materials are 
used [1]. Therefore, the proper quantification of the ionic transport in the C-S-H gel at different scales is 
necessary. The first step to compute the effective diffusion coefficient of chloride is to quantify the effect of the 
pore size on the diffusivity of all transporting ions. Monte-Carlo simulations will be used to correctly compute 
charge distributions nearby the surfaces. Afterwards, a Finite Element Method-based resolution of the 
nanoscopic Poisson-Nernst-Planck equations will be carried out for a system where interparticle forces cannot 
be neglected. Once the transport at the nanoscale is addressed, the influence of the microstructure at the 
micron-scale needs to be investigated since the connectivity and the tortuosity of the pore network add an 
extra barrier that affects the ionic transport. To that end, a microstructural model of the C-S-H needs to be 
developed in order to capture the contribution of the geometry of the pore network. In this presentation, the 
modelling approach is first developed for a porous calcite system. 
 
 
1.   INTRODUCTION 
 
Chloride ingress in cementitious materials is the 
most common reason for steel to corrode especially 
when exposed to humid atmosphere and a source 
of chlorides such as seawater or deicer 
salts...Therefore, the proper understanding of ion 
diffusion mechanisms in hardened cement paste is 
of paramount importance for predicting the long-
term durability of concrete structures.  The transport 
of chloride ions in the pore network of cementitious 
material is a complex process which is affected by 
several underlying phenomena:(i) the chemical 
reactivity between the solid phases and the solution, 
(ii) the influence of the C-S-H surface on the ionic 
transport hydrates (mainly the C-S-H) at a 
nanoscopic scale and (iii) , at a mesoscopic scale, 
the morphology of the porous network (connectivity, 
tortuosity…). 
 
It has been proved that chloride ions get involved in 
chemical reactions with monocarbo and monosulfo-
aluminates in order to form Friedel’s salt [2]. It is 
assumed that the formation of this salt is a 
permanent way to trap the chloride. X-ray Diffraction 
with Rietveld analysis for quantification shows the 
existence of a non-negligible amount of chloride 
which is, supposedly, physically bound in the C-S-H 
phase (Fig.1). Physical binding means that the ion 
is adsorbed on the surface of solid phases without 
actually getting trapped in covalent bonds. 
Therefore, a relevant question would be: Since the 
"physically bound" chloride ions are still part of the 
pore solution, how does the physical binding stop or 
at least delay the chloride ingress? 
 
 
Figure 1. Total chloride proportions in various 
systems (LS=Limestone) 
 
To answer this question, it seems inevitable to 
downscale to the atomic level where the 
fundamental interactions arise. In 1853, Helmholtz 
was the first to discover the formation of a layered 
structure which forms around a charged solid 
surface when it interacts with a fluid; the so-called 
Electrical Double Layer (EDL) (Fig.2). As a matter 
of fact, for cementitious systems, when the pore 
solution's pH goes beyond values of 12.5, the 
deprotonation of silanol groups of the C-S-H occurs. 
The degree of deprotonation goes up as the pH 
increases, thus charging negatively the surface of 
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the C-S-H. Counter-ions build up near the surface 
to neutralize the surface charge, and co-ions are 
depleted in this region due to Colombian repulsion.  
 
 
Figure 2. Schematic of the EDL [4] 
 
In the case of C-S-H, it is the EDLs forming in  gel 
pores (2~10nm) which are assumed to drastically 
attenuate the diffusivity of chloride anions and 
amplify that of cations in such a way that chloride 
gets "almost permanently" physically bound [3]. 
Nonetheless, a rigorous estimation of the diffusivity 
of different ions as a function of the pore size or the 
associated Zeta potential (ζ) are still an object of 
research. 
 
Another critical point for the proper modelling of the 
nanoscale transport of chloride ions is a correct 
surface model for C-S-H. Even if good bulk models 
have been created recently [8], surface models is 
still an active research area. To avoid this problem, 
but still develop the methodology, we will focus on a 
porous calcite system which is better understood.   
 
 
2. Modelling approach 
2.1. The Classical Gouy-Chapman Theory 
 
The Gouy-Chapman (GC) theory describes the EDL 
via the combination of the Poisson equation for 
electrical potential and the Boltzmann distribution of 
charge within an electric field next to a planar 
charged solid surface i.e. the Poisson-Boltzmann 
equation (eq.(1)). The usual system of equations for 
a multi-species system is written as follow: 
 
     (1) 
 
where ɛo is the permittivity of free space, ɛ is the 
dielectric constant of the solution, ρ the charge 
distribution, e is the elementary electrostatic charge, 
NA is Avogadro's number, zi the valence of the 
species i, Cb,i is the concentration in the bulk pore 
solution of i and kB is the Boltzmann constant. 
 
This approach treats ions as non-interacting point 
charges in the vicinity of a single-charged surface in 
contact with a bulk solution. Stern modified this 
theory by accounting for the finite size of ions, but 
the modified GC theory is still limited for modelling 
most of real systems. Torrie et al. [5] has indeed 
shown that in the case of systems with divalent 
counter-ions, the classical theory fails to predict 
correctly the potential profile even for low ionic 
strength and low surface charge. Nonetheless, 
many alternative theories to the GC exist, mainly 
molecular modelling techniques which are usually 
very accurate but also computationally costly. 
  
In this work, the Monte Carlo method has been 
chosen in order to overcome the limitations of the 
GC theory.  
 
2.2. Monte Carlo Method 
 
For most adsorption studies, the grand-canonical 
ensemble is the natural statistical ensemble to use. 
In this ensemble, the temperature, volume and 
chemical potential are fixed but the number of the 
particles is allowed to fluctuate during the simulation. 
 
Concerning the surface modelling of the calcite, the 
charge density has been estimated using the 
number of crystallographically defined functional 
groups. But the values varied substantially (from 0.5 
to 10 sites/nm2) depending on the physicochemical 
models chosen in the calculations and the chemical 
reactivity of the surface functional groups which can 
be substantially different from those in solution. 
Nonetheless, Lee et al. [6] used Resonant 
Anomalous X-Ray Reflectivity (RAXR) to provide an 
estimate of the upper limit to the effective surface 
charge density which is about -0.02 C/m2. 
 
The output of the Grand-Canonical Monte Carlo 
(GCMC) is the equilibrium number of ions which 
translates into the charge density distribution used 
for the computation of the mean electrostatic 
potential in eq.(2):  
 
  (2) 
 
where qi is the charge of the ion i, ρi the charge 
distribution of the species i. 
 
During the simulation, three types of moves were 
performed in order to reach the equilibrium 
configuration: (i) random displacement of one ion, (ii) 
the addition of an electroneutral pair of ions and (iii) 
the deletion of an electroneutral pair of ions. The 
decision of actually making one move or the other 
depends on a generated random number. It also 
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depends on the energy difference due to each one 
of the possible moves. In order to compute that shift, 
we consider three main energies to characterize the 
state of our system which are (i) the Coulombic ion-
ion interaction and the interaction with the external 
charge distribution. The latter includes both the 
long-range interaction with ions outside the 
simulation box and with charged solid-phase walls. 
 
Assuming that the pore solution is depicted by the 
primitive model, each ion is assigned a hard sphere 
radius ri and a charge qi. Therefore, the total energy 
at a fixed configuration writes as  
 
(3) 
 
where No the number of ions, vij the ion-ion pair 
potential and vex is the energy produced by the 
external charge distribution calculated by the 
method of Torrie et al. [5]. 
 
3. Outlook 
 
The implementation of the Metropolis algorithm for 
the Grand Canonical ensemble is ongoing. Once 
the charge distribution is determined with the 
GCMC and the mean electrostatic potential 
accordingly computed (eq.(2)), the numerical 
resolution of the Poisson-Nernst-Planck (PNP) 
equations (eq.(1)+eq.(4)) will be conducted with 
Finite Element Method (FEM). The transport of the 
ith species at the pore scale is indeed described by 
the following NP system: 
 
(4) 
 
where Ci is the concentration of ions i, Di,o the 
diffusion coefficient in free water, Ji the flux vector 
and zi represents the valence. 
 
Finally effective diffusivities (eq.(5)) at the 
nanoscale calcite will be calculated as depicted in 
[7]: 
 
(5) 
 
where L is the medium travelled length and ΔCi  the 
concentration difference that induces the gradient. 
Ultimately, it would be possible to plot the diffusivity 
of ions with respect to the pore size like in [4] for the 
case of C-S-H. 
 
Nonetheless, recent results where the diffusivity of 
chloride [4] drops with the pore size can be 
criticized. In fact, Sterric and electrostatic effects are 
usually stronger as the pore size goes down. 
Indeed, the code under development is actually 
considering pores as finite structures where the 
pore solution is bounded by two walls rather than a 
semi-infinite spaces as suggested in eq.(2). This is 
an important point since electrostatic effects in gel 
pores take mainly place due to the overlapping of 
EDLs which usually doesn’t occur in big pores (>= 
50nm).   
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ABSTRACT 
 
In the next 30 years, concrete production is expected to increase. Due to its environmental impact and energy 
consumption, industrial wastes and by-products are increasingly used as partial substituents in Portland 
cement manufacture. On the other hand, replacing cement with SCMs induces low early age strength since 
SCMs are slow to react. 
 
Recent work showed that introducing small amounts of zinc to C3S causes a notable increase in reactivity, 
increasing the hydration of cement. As a result, this work studies this effect in an alite system composed of 
C3S with minor amounts of Al2O3, MgO and Fe2O3. Different amounts of ZnO are added, and hydration is 
observed. The system is characterized by isothermal calorimetry, X-Ray diffraction (XRD) and scanning 
electron microscopy (SEM). Characterizations reveal a strong non-linearity effect of zinc on reactivity, leaving 
discussion on the underlying mechanisms. Results from this work will be translated into more applicable 
systems to see if zinc has the same effect.  
 
An understanding of zinc’s effect on cement reactivity is a key to better optimize the subst itution of clinker 
which allows to reduce CO2 emissions. 
 
 
1.   INTRODUCTION 
 
It is known that minor elements can have an effect 
on cement hydration and its properties. In the past 
few years, studies on this subject are focused on the 
effect of minor elements on cement reactivity, 
defining its threshold limits [1] [2]. However, it was 
not well documented what is the mechanism behind 
this effect. 
 
Very different effects are observed at different 
concentrations. Therefore, in order to understand 
how do minor elements influence the hydration, alite 
systems were synthetized with different amount of 
Zinc oxide. X-Ray diffraction and PSD were used to 
characterize the unhydrated systems. The hydration 
kinetics were followed by isothermal calorimetry and 
SEM-EDX analysis. 
 
2. MATERIALS AND METHODS 
 
Four alites were synthetized following the method 
developed by Li et. al. [1] with different amounts of 
zinc, 0, 1, 3 and 5wt% (Table 1). The raw materials 
were mixed with distilled water in a milling jar for 24 
hours and then dried in cylinder moulds. The dried 
mix was calcined at 1600 °C for 3 hours and the final 
product was grinded with the disc mill [3].  
 
 
 
 
Table 1. Mix design. 
Mass [g] 
 
Alite 
Alite 
1wt%ZnO 
Alite 
3wt%ZnO 
Alite 
5wt%ZnO 
CaO 350.18 350.14 350.14 350.16 
SiO2 133.11 133.11 133.14 133.12 
Al2O3 3.65 3.66 3.68 3.67 
MgO 5.80 5.80 5.78 5.83 
Fe2O3 3.60 3.60 3.62 3.62 
ZnO 0.00 5.01 15.34 26.11 
 
The unhydrated alite was characterize with X-Ray 
diffraction (XRD) and particle size distribution (PSD).  
 
The alite hydration was studied by isothermal 
calorimetry at 20 C with a w/c=0.5. 
 
The hydrated products were characterized by 
scanning electron microscopy (SEM) with the BSE 
mode coupled with EDS at 1, 3, 7 and 28 days of 
age. The hydration process was stopped by 
immersion in isopropanol. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Characterization of the alite powder 
 
With the XRD analysis was possible to identify the 
type of polymorph of the alites (Figure 1). It is 
observed that all the alites are monoclinic (M) but 
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alite without and with 3% ZnO are M3 and with 5% 
ZnO is a combination of M1 and M3 structures.  
 
Figure 1. Identification of the polymorph by XRD. 
 
 
The PSD results showed differences between the 
samples, even though the grinding was the same for 
all using the disc mill. The Dv50 is in Table 2, which 
increases with the Zn dosage. 
 
Table 2. Particle size. 
  Alite 
Alite 
1%ZnO 
Alite 
3%ZnO 
Alite 
5%ZnO 
Dv50 [µm] 9.1 11.9 12.5 18.9 
 
 
3.2. Characterization of the hydrates 
 
Figure 2 shows the heat flow per gram of alite. With 
a dosage of 3% ZnO, the heat flow is enhaced 
almost by double. With 1% of zinc no big difference 
is noticed. This result was also observed by Bazzoni 
et. al. previously, who relates this with the needle 
length of the C-S-H. Longer needles are forming in 
the presence of zinc. It seems that 3% is the optimal 
dosage of zinc oxide in alite [4].  
 
 
Figure 2. Heat flow for alite doped with Zinc 
(w/c=0.5).  
 
With a higher ZnO dosage, the hydration of alite is 
seriously retarded. The main hydration peak occurs 
after 7 days. This is in accordance with earlier works 
as [5] , who explained this effect with the formation 
of a new phase. The consequence of this formation 
is that the concentration of Ca2+ and OH- is kept low 
and the required supersaturation does not occur 
until the formation of Ca(Zn(OH)3)2. 2H2O is 
completed [5]. 
The microstructure of alite with and without 3% of 
zinc at 1 day of hydration is shown in figure 3. More 
Hadley grains were seen in the system with zinc and 
also portlandite clusters. EDX analysis were done to 
check if the zinc is really incorporated in the alite 
grains. The results showed that effectively, zinc is 
incorporated.   
 
a) 
 
b) 
 
Figure 3. SEM images 1 day of hydration a) Alite b) 
Alite with 3% ZnO.  
 
4. CONCLUSIONS 
 
The effect of Zinc on alite hydration was 
investigated. Very different effects are obtained at 
different concentrations. A dosage of 1% is not 
enough to observe a big difference on the hydration 
kinetics. When 3% of zinc oxide is added, the heat 
release is increased almost by 50%. The opposite 
behaviour was seen for the system with 5%ZnO. 
 
The EDX results confirm the presence of zinc in the 
alite grains. At 1 day of hydration, clusters of 
portlandite are forming in alite and in presence of 3% 
of zinc more Hadley grains are formed. The same 
study will be done for the 5%ZnO system to 
understand the retarding effect.  
 
These dosages of zinc oxide will be studied in more 
applicable systems to observe if the same results 
are obtained. 
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One of the key challenges for atom-level modelling studies of cementitious materials is in evaluating both the 
composition and structure as a function of external conditions, including the dependence on the amount of 
mineral phases present.  I will present our work on how we are addressing these issues.  Our approach is to 
combine electronic structure methods based with potential-based simulation techniques for modelling the bulk 
and interface phases.   We begin with a potential based approach to screen different structures and the most 
stable are then modelled using DFT including van der Waals to allow us to explore the surface composition.  I 
will illustrate these approaches by showing where we have applied them to a number of hydroxylated minerals, 
including hydrated calcium silicates. Finally, we apply potential based molecular dynamics and Monte Carlo 
simulations on the predicted surfaces of these materials to obtain interfacial structure and composition and 
their role on the material properties.  
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ABSTRACT 
 
Over the past two decades structural health monitoring (SHM) of civil infrastructure using piezoceramic 
materials has received growing attention.  The majority of studies carried out have focused on lead zirconate 
titanate (PZT).  An important factor which influences the performance of these sensors is the distance from 
the defect, which is often a crack. Here we present the performance of PZT disc shaped sensors for SHM 
employing the electro-mechanical impedance (EMI) approach.  The sensors were embedded in small scale 
reinforced concrete beams loaded in three-point bending and impedance measurements of the sensors were 
taken at various strain levels during the loading cycle. Sensor performance was assessed in relation to the 
distance from the cracks formed. Damage quantification was determined using the root mean square deviation 
(RMSD) index.  The results indicate that the performance of the PZT material tested in this loading regime was 
significantly affected by the distance from the cracks.  Differences in the range of 10mm were detected.  The 
results demonstrate that when the distance from the crack is approximately 20mm the damage can be detected 
at an early stage and the damage level can be determined with very high precision. The research reported is 
part of a much wider programme of work aimed at developing a smart concrete system capable of self-sensing, 
diagnosing and healing cracks, and other forms of damage, without any need for human intervention. 
 
 
1.   INTRODUCTION 
 
Over the past two decades structural health 
monitoring (SHM) for civil infrastructure has been a 
rapidly growing research field. As the vast majority 
of this infrastructure is constructed with reinforced 
concrete, numerous researchers have been 
focussing on damage detection of reinforced 
concrete elements and structures (i.e. Kim et al., 
2007; Chang et al., 2003; Brownjohn, 2007; 
Talakokula et al., 2016). The use of lead zirconate 
titanate (PZT) transducers in combination with the 
electromechanical impedance method has been 
proposed by Liang et al. (1997) for structural health 
monitoring purposes and since then significant 
research has been carried out in damage detection 
of concrete structures employing the specific 
method (Park et al., 2001; Soh and Bhalla, 2005; 
Park et al., 2006). Even though several parameters 
that affect the performance of the PZT transducers 
have been investigated there is limited research 
concerning the influence of the distance of the PZTs 
from the damage (Tzoura et al., 2015). 
 
In this study the influence of the distance between 
cracks and embedded PZT sensors for damage 
detection in reinforced concrete beams is 
investigated. The electro-mechanical impedance 
approach was employed for obtaining impedance 
measurements within a specific frequency range at 
various load/strain levels. Comparisons between 
the healthy state and the various strain levels were 
achieved calculating the root mean square deviation 
(RMSD) index as it is one of the most reliable 
damage indices 
 
2. METHODOLOGY 
 
The damage detection in this study was performed 
employing the electro-mechanical impedance (EMI) 
approach. Measurements of the impedance with 
respect to frequency were obtained at various strain 
levels during testing using an impedance analyser 
interface. The frequency range was between 50-
400 kHz. Each PZT was utilised as both actuator 
and sensor. 
 
3. TEST SPECIMENS 
 
Four beams were cast from the same concrete 
batch with similar dimensions equal to 100 x 100 x 
500 mm. In each beam two PZT transducers were 
embedded. The beams indicated as 20A and 20B 
were identical for repeatability reasons and the 
distance between the PZTs was equal to 20 mm. 
The beams 30A and 30B were also identical with 
distance between the PZTs being equal to 30mm.  
The arrangement of the PZTs is illustrated in Figure 
1. The most significant electrical properties of the 
transducers are given in Table 1. The beams were 
reinforced with 8 mm diameter longitudinal steel and 
3 mm diameter shear links (Figure 2). 
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Figure 1. Schematic diagram of concrete beam 
showing the location of the embedded piezoelectric 
sensors 
 
 
 
 
Figure 2. Schematic diagram of beam showing the 
location of the steel reinforcement 
 
 
Table 1. Physical properties of the lead zirconate 
titanate (PZT) sensors 
Property Value 
Density, (g/cm3) 7.80   
Electric Permittivity,  1750 
Piezoelectric Strain Coefficient,(10-12 
C/N) 
-180 
Elastic Compliance Coefficient, (10-12 
m2/N) 
16.1 
Elastic Compliance Coefficient, (10-12 
m2/N) 
20.7 
Dielectric Loss Factor, tanδ (10-3) 20 
 
 
4. EXPERIMENTAL PROGRAMME 
 
The beams were subjected to three-point bending. 
The external load was applied at a rate equal to 
0.1mm/min. The experimental setup is illustrated in 
Figure 3. The final image of the beams after 
completion of the tests is presented in Figure 4. 
 
 
 
Figure 3. Experimental set-up for three-point 
bending 
 
 
Figure 4. Image of beams at the end of the test 
showing the location of the PZT sensors and cracks 
 
5. RESULTS AND DISCUSSION  
 
The results obtained concern the load-displacement 
(Figure 5) and the impedance-frequency graphs for 
a range of frequencies between 135-260 kHz where 
the most significant variations were observed. An 
indicative impedance-frequency graph is illustrated 
in Figure 6. The variations of the impedance with the 
increase of strain level indicate the propagation of 
damage. The quantification of damage was 
achieved with the RMSD index (Figure 7) which is 
calculated according to equation (1). 
 
  
 
 
(1) 
 
where n is the number of frequency points, V0(ωk) 
is the initial measurement of the voltage of the kth 
frequency point (undamaged condition) and Vi(ωk) 
is the measurement of the voltage at the ith 
displacement value of the kth frequency point. As 
damage propagates, the damage index should 
increase. Measurements of the impedance were 
obtained at five strain/damage levels. The results 
are presented initially for each specimen separately 
before comparisons are made. 
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20A: The trend of the RMSD values was similar for 
both PZT1 and PZT2. Furthermore, the difference 
between the RMSD values from both sensors was 
small. PZT2 exhibited a smoother increase, most 
probably as a result of being closer to a visible crack, 
specifically at a distance of 50mm away from it. 
 
20B: Again, a similar trend was observed for the 
RMSD values of PZT1 and PZT2 – although there 
were some differences from the last measurement 
(at 18 kN). PZT2 may have exhibited a more 
accurate performance as a visible crack was formed 
next to its position. It is possible that the crack 
initiated at this point due to the presence of the 
sensor.  
 
30A: Although the trend of the RMSD values was, 
again, similar for PZT1 and PZT2 – the actual 
RMSD values differed significantly. Again, for PZT2 
the crack formed close to its position and may have 
been initiated due to its presence.  
 
30B: For PZT1 a smoother performance than PZT2 
was observed; if the first measurement (at 3 kN) is 
excluded. For PZT2 the RMSD index increased 
between the measurements from 3 kN to 7 kN then 
stayed almost constant for the remainder of the test. 
 
 
 
Figure 5. (a) Load – Displacement curves, (b) 
Indicative Impedance – Frequency graph 
 
It is worth noting that although mid-span cracks 
were formed in all cases the major crack was 
formed at different locations as illustrated in Figure 
4. In all cases the RMSD index starts from a value 
equal to 0.3-0.4 for loads between 1.5-11.5% of the 
maximum load. That indicates that the PZT material 
with the specific properties is sensitive enough to 
early stage damage detection. The high accuracy of 
this method is illustrated when the similarity of the 
RMSD index values for the PZT1 and PZT2 sensors 
within specimens 20A and 20B are considered.  
Repeatability is indicated since the PZT2 exhibited 
exactly the same trend in specimens 30A and 30B. 
 
Concerning the comparison of the values between 
PZT1 and PZT2 for the five damage stages and for 
each specimen, the difference is presented in table 
2 by taking into account the absolute value of the 
subtraction of the RMSD values of PZT1 and PZT2.   
 
 
 
Figure 6. Root mean square deviation (RMSD) 
index values for PZT1 and PZT2 in specimens 20A, 
20B, 30A and 30B at loads of 2, 7, 12, 17 and 26 kN 
 
Table 2. Root mean square deviation (RMSD) 
variation between PZT1 and PZT2 (%) 
Damage 
Stage 
Specimen 
20A 20B 30A 30B 
1 11.7 16.6 23.6 26.2 
2 7.4 12.2 23.5 6.3 
3 0.7 2.8 23.2 12.3 
4 2.2 6.2 17.3 19.3 
5 11.9 33.4 1.4 30.5 
 
It can be observed that for the beams 20A and 20B 
the difference between the RMSD values of PZT 1 
and PZT2 was significantly lower than for the beams 
30A and 30B. More specifically, for 20A the 
difference ranged between 0.8% - 11.9% while for 
beam 20B it was limited to below 16.6%; apart from 
damage stage 5 which increased to 33.4%. 
However, when the distance between the two 
transducers was equal to 30 mm the RMSD index 
values for 30A were all higher than 17.3%; apart 
from damage in stage 5.  
Similarly, for 30B apart from damage level 2 the 
difference in RMSD values was higher than 12.3%. 
 
6. RESULTS AND DISCUSSION 
 
In this study the damage detection sensitivity of PZT 
transducers embedded in reinforced concrete 
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beams has been evaluated.  One pair of sensors 
was placed 20 and 40 mm from the mid span, and 
a second pair of sensors was placed 30 and 60 mm 
from the midspan. The results indicate that 
distances of 10 mm from the nearest visible crack 
can have a significant effect on the results of the 
RMSD values with variations higher than 10% for 
most of the measurements as indicated in Table 2. 
However, more experimental data of the impedance 
variations will be required from other types of 
structural elements (i.e. slabs) and different 
experimental setups (i.e. elements subjected to 
fatigue load, axial compression, etc.) in order to 
further confirm the conclusions concerning both the 
accuracy of the results and the quantification of the 
influence of the distance on them. The values of 
Table 2 provide evidence that the sensitivity of the 
specific PZT transducers is significantly affected 
when placed 10 mm further from the damage area 
as stated in the previous section.  
 
It is also probable that the size of the specific 
transducers is large enough in comparison to the 
beams’ size as the size effect is significant enough 
in structural health monitoring applications. In future 
applications it would probably be better either to 
increase the size of the specimens or employ 
sensors of smaller sizes to avoid the initiation of 
damage at the position where the sensors are 
placed. 
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ABSTRACT 
 
This paper outlines laboratory study on Ultra-Fine Fly Ash (UFFA) self-compacting concrete. Self-Compacting 
Concrete (SCC) has grown significantly in the resent years due to tightening health and safety regulation and 
good concrete practice. High cement contents and volumes of admixtures required for satisfactory SCC make 
it uneconomical. The test results of Ultra-Fine Fly Ash application achieve the required workability and coherent 
for SCC with low cement contents and with 0% - 0.2% admixtures. UFFA concrete displays both high 
workability and stability with as low as 0.2 and that UFFA is significantly more economical than other forms of 
SCC. 
 
 
1.   INTRODUCTION 
 
The development of Self-Compacting Concrete 
SCC originated in Japan in 1980s, following the 
chronic reduction of skilled workers in the 
construction industry, which lead to a reduction in 
the quality of construction works. The achievement 
of durable concrete structures without the 
dependency on the quality of construction work was 
the employment of self-compacting concrete, which 
can be compacted into the confined zones of 
reinforcement bars and every corner of complex 
formwork by mean of its own weight and without the 
need for vibrating compaction was the solution to 
adopt for this problem. In 1986, Okamura and 
Ozawa proposed this type of concrete and the 
methods to achieve self-compactability of fresh 
concrete: with limited aggregate content; low water-
powder ratio and use of superplasticizer [1]. 
 
A major driving force encouraging the use of SCC is 
the impending European Health and Safety 
Directive covering hand-arm vibration [2]. However, 
SCC also has implications for traditional large 
concrete pour and post-tensioning placement where 
its uniform strength development may benefit the 
stressing procedure and reduce cracking. In 
addition, with SCC the associated reduction in 
labour and plant reduce cost and improve Quality 
Assurance QA procedures as the sample test cubes 
are more representative of in-situ concrete than 
vibrated normal workability cubes. 
 
 
 
 
2.   INTRODUCTION 
 
The aims of this research were to optimise UFFA 
concrete mixes to maximise workability and 
cohesion and achieve self-compacting at low water 
cement ratios; characterize the UFFA powder, fresh, 
hard engineering and durability performance of 
UFFA concrete in comparison to concrete made 
with OPC, a range of UK fly ashes and Micro Silica. 
 
The objectives that were defined are as follows: 
1. To assess the effects of UFFA on water demand 
of concrete. 
2. To optimize the aggregate grading used in 
combination with flowing concrete paste to 
create cohesive flowing UFFA concrete 
3. To minimize the cement content used in very 
high performance self-compacting UFFA 
concrete mixes. 
4. To compare the economic and performance of 
UFFA self-compacting concrete mixes with 
concrete made with other cementitious 
materials of equal proportions. 
 
3.   MATERIALS AND METHODS 
 
3.1. Materials 
 
The cement was Blue Circle Ordinary Portland 
Cement confirming to BS 12 1996, class 42.5 
N/mm2. Seven UK Class F fly ashes conforming to 
BS 3892, Part 1: 1997. Micro Silica was aqueous 
slurry (50/50 by weight) conforming to ASTM 1240: 
1999, Ground Granulated Blast furnace Slag 
conforming to BS6699: 1992 and UFFA used a 
commercially available Class F fly ash confirming to 
BS 3892: Part 1: 1997. The chemical compositions 
 104 
 
are shown in Table 1. The aggregates were 5 and 
10 mm river aggregates and sand conforming to BS 
812: 1985, the sieve analysis is shown on Table 2. 
A Polycarboxylate Polymer water-reducing 
superplasticizer conforming to BS 5075: Part 3 was 
used. Figure 1 shows the various Class F ashes 
researched on. 
 
 
Table 1. Chemical Properties of the cementitious materials used 
 
 
 
Figure 1. UFFA and various types of UK PFAs 
 
3.2. Curing conditions 
 
The curing conditions used are listed in Table 3. 
 
Table 3. Curing environments 
 
 
3.3. Particle distribution analysis 
 
A laser Malvern Mastersizer E was used to measure 
the particle size and surface area of the various 
pozzolans and cementitious materials. The particle 
distribution analysis is shown on Table 4 of Figure 1 
samples. 
 
3.4. Determination of water demand 
 
This test was undertaken in accordance to BS 3892: 
Part 1: 1993. Fine, medium and coarse sand was 
mixed in accordance to BS EN 196: Part 1: 1987. 
 
 
Table 2. Aggregate Sieve Analysis 
 
 
3.5. Self-compacting concrete rheology 
 
These methods were employed to test the fresh 
concrete rheology. 
 
3.5.1. Slump test and Slump flow test 
 
This test was used on stiffer mixes. 
 
Where the concrete displayed a significant fluidity, it 
was tested using the slump test. A 600mm spread 
was selected to be the lower boundary for SCC and 
those mixes had excessive segregation or bleeding 
at this stage were rejected. 
 
Chemcal composition
Oxides OPC* UFFA 1 2 3 4 5 6 7 MS* GGBS*
Silica diaxide (SiO2) 20.7 53.4 55.1 53 54.3 55.6 48.6 51.2 50.6 92 35.84
Aluminium oxide (Al2O3) 5.7 32.3 25.1 25.1 23.1 25 24.6 26.1 26.1 1 13
Ferric Oxide (Fe2O3) 2.3 4.09 10.7 10.2 9.2 10.4 13 7.8 9.4 1 0.55
Calcium oxide (CaO) 64.8 5.05 1.6 3.8 4.1 1.9 2.8 6.4 3.7 0.3 39.53
Magnesium oxide (MgO) 1.1 1.29 1.5 2 2 1.6 1.7 1.9 2.2 0.6 8.28
Sodium Oxide (Na2O) 0.19 <0.05 0.4 0.2 0.2 0.4 0.4 0.4 0.5 0.3 0.35
Potassium oxide (K2O) 0.6 0.08 0.1 0.2 0.1 0.2 0.1 0.1 0.2 0.8 0.5
Sulphate (So3) 3.21 0.32 1.2 0.9 1.4 1.1 1.3 1.4 1.3 0.3 0.1
Equivalent alkali 0.58 0.1 0.47 0.27 0.27 0.53 0.47 0.47 0.63 0.83 0.68
Titanium oxide (TiO2) - 1.97 1 1.2 1 1.1 1.1 1.6 1.2 - -
Loss of Inginition (LIO) 0.92 0.23 3.1 4.9 5.8 2.5 6.1 3.3 4.7 - -
*Provied by the manufactures
PERCENTAGE COMPOSITION
UK BS 3892 Part 1: PFAs
Curing Environment Conditions
E1 Water, 23°C
E2 Air, 23°C, 65% RH
SIEVE SIZE
(mm)
5-10mm Sand
28 100 100
20 100 100
14 100 100
10 99.4 100
6.3 42.6 100
5 15.2 98.6
2.36 6.2 85.5
1.18 - 76
0.6 - 62.1
0.3 - 17
0.15 - 3.7
0.075 - 0.1
% PASSING BY
MASS
UFFA 
BS3892: Part 1 PFAs 
 
1 
2 
3 5 
6 
7 
4 
3 µm 
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Table 4. Mineral admixture lazar particle properties. 
 
 
  
Figure 2. The Sheffield Self-Compactability Index test 
 
 
3.5.2. Sheffield self-compactability index test 
 
The Sheffield Self-Compactability Index (SSCI) test, 
Figure 2, was developed as part of this research. 
The top funnel section of the apparatus is filled with 
concrete then a gate removed, which allows the 
concrete to flow down a shallow slop through a 
throat which is heavily congested with rebar. A 
comparison of the results obtained using the slump 
test and the SCCI test led to the conclusion that 
Self-Compactability of 600mm flow correspond to 
the concrete flow to touch the four corners of the 
lower reservoir when the SSCI apparatus was 
inclined at 15° to the horizontal. SSCI was found to 
be very sensitive to lack of cohesion in SCC mixes 
than the slump flow. Visual observation showed 
aggregate “balling” in the SSCI throat in some 
instances and therefore a further restriction on SCC 
acceptance was imposed of zero segregation in the 
SCCI test. 
Table 5. Summary of the Proportions used during the development of SCC with 30% UFFA 
 
 
Cementitious Sp. Surface Carbon Fineness
Materials Area Content D[v.0.1] D[v,0.5] D[v,0.9] Span
Area m2/kg (%) >45(μm)
UFFA 2,893 0.23 0 0.4 2.32 5.28 2.1
PFA1 715 3.1 6.5 1.5 8.47 36.81 4.17
PFA2 359 4.9 11.1 3.37 15.82 46.33 2.72
PFA3 509 5.8 10.1 2.14 12.18 44.56 3.48
PFA4 681 2.5 6.3 1.58 9.2 36.5 3.8
PFA5 448 6.1 14.3 2.43 19.97 52.1 3.32
PFA6 499 3.3 9.3 2.24 12.79 42.91 3.18
PFA7 340 4.7 14.2 3.65 15.28 52.19 23.1
MS* 4,952 - 0 0.25 1.02 22.27 2.8
GGBS* 1,448 - 0.5 0.9 6.64 19.52
* for comparison
Particle Diameter
MIX SP Flow SSCI
CODE OPC UFFAWATER W/B 10mm Fines Total (%Cem) Total (mm) TEST
Trial 1 218 93 140 0.45 1179 786 1965 0.5 2416 600 X
Trial 2 218 93 140 0.45 1100 864 1964 0.5 2415 560 X
Trial 3 187 80 120 0.45 1173 885 2058 2 2445 450 X
Trial 4 233 100 150 0.45 1055 863 1918 0.25 2401 580 X
Trial 5 249 107 160 0.45 1029 842 1871 0.3 2387 640 ✔
UFFA1 249 107 160 0.45 1029 842 1871 0.3 2387 650 ✔
MIX PROPORTIONS (KG/M3)
AGGREGATE
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Table 6. Summary of the mix proportion used to develop mix 30% UFFA2 
 
 
4.   RESULT AND DISCUSSIONS 
Table 5 and 6 shows the SSCI for all the trials 
SCC mixes with 30% UFFA partial 
replacement of cement cast with 0.45 w/b 
ratio and 0.2 w/b ratio. These UFFA mixes 
were stable throughout the testing procedure 
and the rheology testing showed that UFFA 
displaying an excellent degree of cohesion as 
shown on Figure 3. Cutting through a cylinder 
of UFFA1 confirmed the cohesivity of the mix, 
with excellent aggregate distribution 
throughout the sample and no bleeding or 
laitance. 
 
 
 
Figure 3. UFFA1 mix after a slump flow test and the aggregate 
distribution in hardened sample 
UFFA has proven to be extremely effective in 
making self-compacting concrete. Indeed, 
when the total binder contents used in this 
study to make 0.45 w/b ratio SCC are 
compared with those from other worldwide 
studies, it can be seen that the use of UFFA 
resulted in SCC with binder content of 105-
270 kg/m3 lower than that used in comparative 
studies around the world. 
 
5.   CONCLUSIONS 
 
1. UFFA has been shown to be suitable for 
low cementitious content, extreme 
cohesive, self-compacting concrete at 
water-binder ratios 0.2 and 0.45. 
2. 30% replacement of UFFA for cement 
has been found to be the optimum 
replacement level. 
3. UFFA usage in SCC remarkably lowered 
the cementitious content is up to 280 
kg/m3 than other SCC concretes made 
with conventional materials. 
4. Virtually zero segregation or bleeding 
and extremely high cohesiveness and 
flow characteristic are observed in SCC 
made with UFFA. 
5. The SSCI test has shown to be more 
sensitive to the tendency for SCC mixes 
to segregate than the slump-flow test 
and has been adopted as a second 
check on SCC developed at The 
University of Sheffield. 
6. UFFA Self-compacting concrete mixes 
may be considerably more durable than 
similarly proportioned concrete mixes 
made with other alternative cement 
replaced materials 
 
MIX SP Flow SSCI
CODE OPC UFFAWATER W/B 10mm Fines Total (%Cem) Total (mm) TEST
Trial 6 420 180 120 0.2 962 787 1749 2 2481 720 X
Trial 7 420 180 120 0.2 962 787 1749 1.5 2415 710 X
UFFA2 420 180 120 0.2 962 787 1749 1 2387 710 ✔
MIX PROPORTIONS (KG/M3)
AGGREGATE
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ABSTRACT 
 
The variability of the internal structure of cement-based coating mortars (conventional, industrial or innovative) 
makes complex the analysis and comparison of the various properties. In this sense, the use of advanced 
characterization and diagnostic techniques can contribute to a better analysis of the compositional and 
microstructural properties of these mortars, and to the establishment of the most relevant performance 
parameters. In this work, the application of X-ray computerized microtomography (MicroCT) to characterize 
the properties of cement-based mortars on specimens is discussed. Also, the combination of MicroCT with 
other techniques is considered, such as X-ray diffraction (XRD) and infrared spectroscopy by Fourier transform 
(FTIR). With the support of those techniques, we intend to access the porous structure of cement-based 
mortars and the mortar-substrate interface in terms of the quantity, shape, dimension and connection of the 
pores, and on the binder/aggregate interaction. Complementary techniques enable us to understand the 
compositional evolution and reactional mechanisms involved in the curing process. The proposed 
methodology is based on the suitability of each of the microstructural characterization techniques and their 
potential for the interpretation of mechanical and physical performance tests currently carry out on laboratory 
testing of cement-based mortars at hardened state. 
 
 
1.   INTRODUCTION 
With the discovery of the great contribution of X-ray 
Computed Tomography in the medical area, several 
studies were started with the objective of applying 
the technique in the industrial field. The possibility 
of visualization of materials such as wood, polymer, 
ceramics and archaeological objects increased the 
study of the performance of X-ray Computed 
Tomography in materials with bigger attenuation 
such as concrete, mortars, steel, metals, among 
others. X-ray technology enables the development 
of faster, non-destructive, and three-dimensional 
assay methods for material analysis. (Braz et al., 
1998; Mendes, 2010; Ketcham and Carlson, 2007).  
This non-destructive technique has been expanded 
to the field of cement-based materials and with this, 
it becomes possible the internal visualization 
without the need of causing damages to the pieces 
under study. (Mendes, 2010). 
The increasing interest in new formulations of more 
sustainable cement-based materials, have led to a 
deepen knowledge need of microstructure 
characterization, including a more complete 
analysis of physical, structural, mechanical, 
chemical and mineralogical properties (Hanke, 
2016; Cnudde and Boone, 2013; Stock, 2008; 
Bogas et al, 2012). 
To perform a study of this nature, advanced 
laboratory techniques such as computerized 
microtomography of x-rays, XRD and FTIR are 
used. These techniques in combination with other 
observations allow obtaining detailed information 
about the solid and porous structure of the mortars 
and the results aid in the analysis of their behavior. 
Each one of the techniques has a certain range of 
applicability and some limitations, being necessary 
to combine different techniques to describe the 
microstructure in detail. (Gominho, 2016). 
 
2. DESCRIPTION OF METHODS OF ANALYSIS 
 
2.1. X-RAY COMPUTED MICROTOMOGRAPHY 
(MICROCT) 
 
X-ray Computed Microtomography (MicroCT) is a 
non-destructive test technique that allows observing 
the internal structure of solid objects. The micro 
prefix indicates that the resolution is in the order of 
micrometers. This technique has application in the 
study of cement-based materials, because it allows 
the characterization of its internal components, its 
porosity and evaluation of the development of 
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cracks. (Teixeira, 2017; Ketcham and Carlson 2007; 
Cnudde and Boone, 2013; Stock, 2008; Kerckhofs 
et al., 2008; De Witte et al., 2008; Maurício et al., 
2010; 2013). 
 
MicroCT is based on the interaction of the X-rays 
with the solid matter of the sample. When the X-ray 
beam passes through the material, the material 
undergoes an attenuation, the intensity of which 
depends on the density and atomic number of the 
material. We use a mathematical algorithm to 
compose a three-dimensional image and make 
possible the analysis of the sample in question. As 
potentialities of the computerized x-ray 
microtomography technique can indicate the ability 
to analyze the three-dimensional spatial distribution 
of components, the possibility of repetition of the 
tests, considering that they are not destructive, 
analysis of the interior of the sample making 
possible the detection of defects, evaluation of the 
porosity of the materials and the evaluation of the 
development of cracks. The limitation of this 
technique is not applicable to materials opaque to 
the x-ray, samples with very small size, the 
resolution of the image is limited and has the need 
to use complementary techniques for analysis of 
chemical and mineral composition.  
 
The 3D visualization of the samples by means of 
MicroCT allows to analyze the volumetric content of 
voids in samples of mortar or concrete, helps to 
obtain a better understanding of fractures and 
mechanisms of failure in the meso-scale, allows the 
quantification of the damages by the variation of the 
fraction of volume of cracks and voids, is able to 
determine the compactness, enable the distinction 
of the constituents through the compactness and 
measure the amount of the binder. (Teixeira, 2017; 
Ketcham and Carlson 2007; Cnudde and Boone, 
2013; Stock, 2008; Kerckhofs et al., 2008; De Witte 
et al., 2008; Maurício et al., 2010; Bogas et al., 2012; 
Maurício et al., 2013). 
 
2.2. INFRARED SPECTROSCOPY WITH 
FOURIER TRANSFORM (FTIR) 
 
Fourier Transform Infrared Spectroscopy (FTIR) is 
a technique that seeks to identify the organic 
materials and most inorganic materials. This 
technique measures the absorption of the sample's 
UV radiation relative to the wavelength. When a 
material is irradiated with infrared radiation, the 
absorbed IR radiation generally excites molecules 
to a higher vibratory state. Soon, the wavelengths 
that are absorbed are characteristic of its molecular 
structure. The FTIR spectrometer uses an 
interferometer to modulate the wavelength from an 
infrared source. A detector measures the intensity 
of transmitted or reflected light as a function of its 
wavelength. The signal is analyzed by means of the 
Fourier transform and thus a single-beam infrared 
spectrum is obtained. FTIR spectra are usually 
presented as graphs of intensity in function of wave 
number (cm-1). The intensity can be plotted as the 
percentage of light transmittance or absorbance at 
each wave number. (Gominho, 2016; Hanke, 2016). 
 
As potentialities of the FTIR technique, the capacity 
of qualitative and quantitative analysis, the 
possibility of determination of the mineralogical 
composition of the sample and the identification and 
structural analysis of organic substances can be 
perceived. FTIR complemented XRD analysis 
enabling the identification of low crystallinity or 
amorphous products generated by cement 
reactions. As a limitation, it is pointed out that the 
conditions of the medium around the equipment can 
cause variations in the spectrum, the technique 
sensitive to the presence of functional groups, 
complex mixtures produce overlapping of spectra 
that can lead to misinterpretations, difficulty 
analyzing aqueous solution and inability to detect 
monatomic entities and diatomic molecules.  
 
2.3. X-RAY DIFFRACTOMETRY (XRD) 
 
X-ray diffraction (XRD) is a technique commonly 
used to identify minerals. The interaction between 
the crystalline matter and the X-radiation gives rise 
to a dispersion, which is caused by the internal 
arrangement of the crystalline matter. The 
technique can be used in structural or non-structural 
constructive elements and must be performed in the 
laboratory and this is a non-destructive test. There 
are different ways of applying the XRD, depending 
on the type and object being studied, the most used 
in the identification of crystalline solid materials is 
the powder method. X-ray diffraction is based on the 
placement of the sample on a flat sample holder 
which is rotated about an axis. The X-ray beam, 
produced by an X-ray source, is collimated by a 
system of windows, until it strikes the sample that 
diffracts it in directions that comply with Bragg's law. 
The diffracted beam is then collimated by another 
set of slits until it enters a radiation counting system, 
which sends the information to a computer that 
shows the diffractogram record of the sample. 
(Fontes, 2011; Teixeira, 2017). 
 
The XRD technique has the potential to identify the 
mineralogical composition of the crystalline phases, 
allows the evaluation of the degree of crystallinity of 
the minerals, their processing condition and the 
identification of efflorescence, aggregates and 
ligands with crystalline phases. Regarding the 
limitations, the need for complementary techniques 
is highlighted, because XRD does not allow 
identifying with certainty the products with very low 
crystallinity or detecting the presence of scarce 
phases (Tuna et al, 2015). 
 
3. EXAMPLES OF THE MICROSTRUCTURAL 
ANALYSIS APPLIED TO MORTARS 
 
The following is the main results of work developed 
by researchers at Instituto Superior Técnico in 
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Lisbon. The study developed by Fontes (2011) 
concerns carbonation in lime-based mortars (lime or 
lime-cement), which is important because it is 
compatible with the materials used in old buildings. 
The carbonation process is responsible for the 
hardening and strength gain of the aerial lime 
mortar. 
 
It has been found that high relative humidity values 
(95 ± 5%) retard the carbonation process and may 
even reverse it - as seen in the carbonation depth 
test using a phenolphthalein indicator, on mortars 
subjected to wet curing, confirming this tendency in 
the analysis of XRD fines. The mineralogical 
analysis of the mortars by X-ray diffraction (XRD) 
showed good results, allowing the analysis of the 
evolution of carbonation, as well as the confirmation 
of the trends presented by the phenolphthalein 
indicator. 
 
The experimental study, which aimed at confirming 
the water/binder ratio of the mortars through the 
mineralogical analysis of an integral sample, by X-
ray diffraction, was not possible because there was 
no relation between the peaks of calcite intensity 
and the portlandite (binder) and the peaks of quartz 
and feldspar intensity (aggregate), which were 
constant over time, or between different cure 
conditions. This may be due to the fact that very 
recent mortars have been analyzed, in which the 
carbonation process is underdeveloped. 
 
As regards the analysis of mortars by X-ray 
microtomography, it is concluded that this technique 
allows visualizing the interior of the sample, 
analyzing it and quantifying it (Fig 1). 
 
 
 
Figure 1. Radiography, reconstruction and 
analyzed area - MicroCT (Fontes, 2011) 
 
Concerning porosity, it was found that only 
macropores would be visible and quantifiable, and 
the micropores are not distinguishable with the 
adopted resolution (Fig 2). This is due to the fact 
that, in order to obtain a sample that is 
representative of the mortar, it cannot have very 
small dimensions. On the other hand, this means 
that parameters, such as micropores, that have very 
small dimensions, cannot be analyzed. 
 
In general, the analytical methods used were useful 
for the study of carbonation. It has been found that 
the phenolphthalein indicator, X-ray diffraction and 
tests for determination of mechanical strengths and 
bulk density are good indicators of the evolution of 
carbonation over time. As far as X-ray 
microtomography is concerned, the methodology 
shows potential, but its study must be refined. 
 
 
 
Figure 2. Micropores visualization with MicroCT 
(Fontes, 2011) 
 
In the study carried out by Gominho (2016), several 
mortar formulations with expanded cork aggregates, 
sand, expanded clay and silica aerogel were 
characterized using x-ray computerized 
microtomography (MicroCT), scanning electron 
microscope (SEM), X-ray diffraction (XRD) and 
Fourier transform infrared spectroscopy (FTIR). In 
this way, it was intended to study the solid structure, 
and the porous structure. Gominho also proposes 
an analysis methodology that includes the following 
steps: aggregate analysis (pores); binder analysis 
(thickness and % in weight); binder / aggregate 
interface analysis; porous structure analysis (pores 
amount and dimensions); and other microstructural 
parameters (e.g. portlandite/calcite ratio). 
 
As conclusion and result, we can highlight that in 
observation techniques the different magnification 
scales allow a global and particular analysis of the 
object of study. The MicroCT allows access to the 
inside of the material and is able to characterize 
different types of microstructures of distinguish 
mortars (Fig 3).  
 
 
 
Figure 3. Tomographic sections of different types of 
mortars (Gominho, 2016) 
 
The use of advanced characterization techniques 
such as MicroCT, XRD and FTIR combined 
conducted the following conclusion: 
 
 Mortars with admixtures tend to form 
microstructures with bridging and open 
porous network; 
 Its addition gives rise to an increase in 
porosity and changes the distribution and 
morphology of the pores; 
 The bonding paste volume is one of the 
parameters where the microstructure can 
be manipulated to produce mortars with 
thermal and/or acoustic properties; 
 The aggregates of the thermal mortars 
present in their microstructure high 
porosity; 
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 it is possible to characterize the mortars 
according to certain parameters of the 
microstructure; 
 There is a correlation between the 
microstructures and the performance tests 
in the hardened state. 
These results are advantageous in the research 
area, because they constitute a basis tool for the 
comparative analysis of thermal mortars. 
 
4. CONCLUSION 
 
In general, the microstructural characterization of 
mortars is useful in optimizing the performance of 
mortars in the hardened state and serves for the 
detailed study of the interactions of mortar 
constituents. The knowledge of the microstructure 
is important when one intends to act at the 
formulation level, to obtain the specific results, or 
when one intends to compare mortars at the 
nanoscale and millimeter scale. However, it is 
necessary to consider that the techniques of 
microstructural analysis have advantages and 
limitations. The combination of more than one 
technique optimizes the characterization and 
minimizes the uncertainty of the analysis. 
The present study is part of an investigation within 
the scope of a research project, which aims to 
analyze the influence of the properties of the 
substrates on the mortar characteristics, using 
advanced characterization techniques including 
MicroCT, XRD and FTIR. 
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ABSTRACT 
 
With the environmental awareness and legislation encouraging a more sustainable use of construction 
materials, there is a growing effort of studying the incorporation of natural organic fibres in cement-based 
composites. This trend aims at improving the overall performance of those composites, but also at reducing 
their environmental impact. At the same time, there is an increasing need for buildings to present improved 
energy efficiency, using highly thermal insulating materials. The present paper presents a review on the 
research carried out with natural organic fibres, discussing their characteristics and how they can contribute 
to lower the thermal conductivity of the cement-based composites. It starts with a brief review of the main 
characteristics of natural organic fibres and, from there, presents the state-of-the-art of their inclusion in 
cement-based composites and their influence on thermal conductivity. Therefore, a brief insight is given on the 
consequences of using natural organic fibres, and future trends for their use. The results suggest that fibre’s 
incorporation provide improvements in the thermal conductivity, showing the current potential of using natural 
organic fibres on cement composites, and the implications on their performance. 
 
1.   INTRODUCTION 
 
Cement-based products are one of the most used 
group of materials in the world with many 
applications in construction (Khatib, 2009). 
Nevertheless, they present high values of thermal 
conductivity (λ) limiting their application in buildings 
due to the increasingly demanding thermal 
insulation requisites present in the law (Abu-Jdayil 
et al., 2019). In recent years, the use of fibres has 
received more attention because of their 
effectiveness at improving different physical and 
mechanical properties of cement-based composite 
materials, including the lowering of their thermal 
conductivity. 
 
The recent efforts to further reduce the 
environmental footprint of several products within 
the construction industry are, in a considerable way, 
related to the reduction of the use of cement (Khatib, 
2009). Moreover, the need for increasing the 
thermal performance of buildings to reduce either 
their cooling or heating needs, led to the need of 
developing various materials in which the cement-
based composites incorporating these natural 
organic fibres can have an important role to play (du 
Plessis, 2016). 
 
Nevertheless, most of the research has focused on 
the mechanical performance of the composites 
incorporating natural organic fibres, with less focus 
given to their thermal conductivity (Medina and 
Dzalto, 2017). The current research presents values 
for the thermal conductivities of composites 
incorporating natural organic fibres, but there is a 
lack of a statistical review in order to understand 
how the fibre volume fraction can promote this effect 
in the cement-based composites. 
 
In the present paper, it was analysed a set of results 
associated with cement-based composites, namely 
cement pastes, mortars and concrete with different 
levels (by total volume) of natural organic fibre’s 
incorporation. 
 
1.1.   RESEARCH SIGNIFICANCE 
 
The literature clearly shows that much of the 
research has been carried out without considering 
the importance of understanding the influence of 
fibre volume on the thermal conductivity behaviour 
of the cement-based composites, with different 
works using different units of measure for the fibre 
quantity (such as, by total weight of the mixture, by 
weight of binder or by total volume, among others). 
Therefore, this work serves as a reference to future 
experimental studies because of the results that 
were obtained, relating the relative reductions of 
thermal conductivity with the fibre volume fraction 
used in the cement-based composite formulations 
used. 
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1.2.   METHODOLOGY 
 
Usually, the methodology adopted for literature 
reviews consists of making an analysis of the results 
and conclusions of published research, identifying 
gaps in the existing knowledge and providing 
recommendations for further works. However, in 
this paper, the strategy followed involved data 
mining through several publications, which were 
selected based on their relevance to this paper’s 
theme. Each publication was then analysed, and 
their data organized in spreadsheets. 
 
After all the data was gathered, it was analysed and 
the obtained results were calculated, for each 
publication, in a relative form (equation (1)), in order 
to find if the addition of fibre’s increased or 
decreased the reference composite’s performance. 
Therefore, the obtained results can provide a good 
representation of literature’s findings. When the 
fibre’s quantity was in mass, the conversion to total 
volume respected the mixture ratios indicated 
(Cement : Sand : Water) and the fibre’s bulk density. 
 
𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝜆 =  
𝑡𝑒𝑠𝑡 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝜆
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝜆
  (1) 
 
It is important to refer that were analysed values 
ranging from 0% (vol) to 100% (vol) of natural 
organic fibre’s content, by total volume, and fibre 
lengths from 0.5 to 50 mm.  
 
2.   NATURAL ORGANIC FIBRES 
 
There are many fibres currently in the market, but 
here the focus is towards natural organic fibres. 
These fibres are classified as a result of their origin 
and can be either from animals (polypeptide) or 
plants (cellulose) (Lilholt and Lawther, 2000; Müssig, 
2010).  
 
In the last couple of years, natural organic fibres 
have been increasingly studied and used as 
reinforcements to produce low cost and lightweight 
composites (Lilholt and Lawther, 2000). These 
fibres exhibit many advantageous properties when 
compared with others: they have low weight, low 
density, low thermal conductivity, are easy to obtain, 
are available from renewable resources and are 
easy to recycle at the end of their life cycle (Müssig, 
2010). However, they also have limitations: high 
moisture absorption, and the irregular performance 
they present depending on their place of origin 
(Lilholt and Lawther, 2000). 
 
Due to their low thermal conductivity, as it can be 
seen in Table 1, their use as an addition in cement-
based composites has the potential to lower their 
thermal conductivity. Table 1 presents some fibres’ 
characteristics, namely the fibre’s name, bulk 
density and thermal conductivity (Xu et al., 2004; 
Pfundstein et al., 2008; Korjenic et al., 2011; 
Panyakaew and Fotios, 2011). It can be seen that 
the average λ is around 0.040 W.m-1.K-1 and the 
bulk density is also very low, lower than 0.350 kg.m-
3 in natural organic fibres’ boards. 
 
Table 1. Bulk density and thermal conductivity of 
some natural organic fibres 
Fibre 
Bulk 
densit
y 
(g.cm-
3) 
Thermal 
conductivit
y 
(W.m-1.K-1) 
Reference 
Cellulos
e 
0.050 0.043 
Pfundstein 
et al., 2008 
Coconut 
husk 
board 
0.250 – 
0.350 
0.046 – 
0.068 
Panyakae
w et al., 
2011 Flax 0.032 0.043 
Korjenic et 
al., 2011 
Hemp 0.082 0.039 
Jute 0.026 0.046 
Kenaf 
board 
0.150 – 
0.200 
0.051 – 
0.058 
Xu et al., 
2004 
 
3.   INFLUENCE OF NATURAL ORGANIC 
FIBRE’S INCORPORATION IN THE THERMAL 
PERFORMANCE OF CEMENT-BASED 
COMPOSITES 
 
Derived from the results of 124 different cement-
based composite mixes, incorporating natural 
organic fibres of different type and origins, that were 
sourced from 21 publications (Awwad et al., 2012; 
Andiç-Çakir et al., 2014; Stirmer, Milovanovic and 
Sokol, 2014; Zagarella et al., 2014; Belhadj et al., 
2014, 2016; Lertwattanaruk and Suntijitto, 2015; 
Hospodarova et al., 2018; Miron et al., 2017; 
Boukhattem et al., 2017; Boumhaout et al., 2017; 
Cardinale et al., 2017; Hospodarova et al., 2017; 
Belkadi et al., 2018; Petrella et al., 2019; Shon et al., 
2019; Fatma et al., 2019), the influence of natural 
organic fibre’s incorporation in the thermal 
conductivity of cement-based composites was 
assessed.  
 
In order to analyse the influence from 0 to 100% (vol) 
of organic fibre’s content on the results, it was 
considered a reference mortar, as the one 
presented in several of the previously mentioned 
works, with a ratio of 1:3:0.5, and with a mean value 
of 1.800 W.m-1.K-1 for thermal conductivity and 
2,000 kg.m-3 for density. Based on those values, 
and on the thermal conductivity and bulk density 
values presented in Table 1, the relative reduction 
that a 100% (vol) of organic fibres would represent 
was calculated. 
 
It was possible to obtain an exponential regression 
with a coefficient of determination near 90 % (this 
value indicates the percentage of total variation of 
the relative thermal conductivity explained by the 
regression model consisting of fibre total volume 
fraction). From a statistical point of view, according 
to Hair et al. (Hair Jr. et al., 2014) a coefficient of 
correlation (R) between 0.70 and 0.90 presents a 
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strong correlation between the obtained regression 
curve and the results of the previous studies. 
Therefore, the regression equation presented in 
Figure 1 can aid in the future prediction of the impact 
that a given fibre volume will have in lowering the 
thermal conductivity of a cement-based composite. 
 
It is relevant to note that due to the influence of even 
small fibre incorporation volumes (below 1%), to 
lower the composite’s thermal conductivity, the 
presented regression doesn’t start at 1.00. This is 
also related to the fact that the coefficient of 
determination doesn’t explain the total variation of 
the relative thermal conductivity. Therefore, this 
model has some limitations when considering fibre 
volumes below 1%.  
 
 
Figure 1. Relationship between the relative thermal 
conductivity of mixes with varying total fibre volume. 
 
The results obtained show that the introduction of 
fibres lead to a decrease of the relative thermal 
conductivity, as expected and reported in other 
works (Onuaguluchi and Banthia, 2016; Abu-Jdayil 
et al., 2019), being the only exception one mixture 
from Awwad et al. (Awwad et al., 2012) with a 1% 
increase. This fact can be associated with 
equipment accuracy, and due to its low difference to 
other values, it was considered non-relevant. 
 
From Figure 1 it can also be seen that the addition 
of 5% (vol) of fibres can lead to an average 
decrease of 20% of the thermal conductivity of the 
reference cement-based mix and, when it is 
considered the maximum amount of fibre (100% 
(vol)), the attained reduction of the thermal 
conductivity, from a reference mix, can reach a 
value of approximately less 100%, corresponding to 
an average thermal conductivity value of 0.040 
W.m-1.K-1, which can be seen as the lowest possible 
value to attain using only natural organic fibres. 
 
4. CONCLUSIONS 
 
The main aim of this investigation was to examine 
the influence of the total fibre volume of natural 
organic fibres on the thermal conductivity of 
cement-based composites, through a statistical 
analysis of data available in the literature. 
 
It was observed that, as the fibre volume content 
increases, the relative thermal conductivity, of the 
cement-based composites, decreases. This is a 
consensus throughout the literature, regardless of 
the numerous variables involved. With this study it 
was possible to predict, from a statistical point of 
view, and with a strong correlation of factors, the 
potential decrease of the thermal conductivity of 
natural organic fibre’s cement-based composites 
based on the fibre volume content, being this the 
main contribution of this study to the current state-
of-the-art. 
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ABSTRACT 
 
Concrete is used in the construction of facilities in the U.K. throughout the nuclear industry. Due to the long 
operational timescales, understanding how cement and concrete changes over its life as well as how the 
conditions it is exposed to affect it, is paramount. In this study, hardened cement samples are exposed to a 5% 
CO2 atmosphere after being exposed to 1.5 MGy of gamma radiation to assess aging at an accelerated rate. 
Since the equipment used for irradiation causes heating to 50°C, the effect of heating alone was also assessed. 
Carbonation depth was found to significantly increase in both heated and irradiated samples when compared 
to carbonated control samples. Exposing cement to gamma irradiation and/or heat resulted in the formation of 
a different carbonate mineral phase compared to when the sample was solely exposed to carbonation. This is 
a similar result to that found in the literature for a simultaneous study, meaning the methodology used in this 
study could be a viable way to accelerate studies. 
 
 
1. INTRODUCTION 
 
Cement and concrete are materials used in the 
nuclear industry for a variety of purposes ranging 
from waste encapsulation to shielding and structural 
materials. A key element of concrete for structural 
use is the time-span in which it operates, typically 
decades at a time. Furthermore, these structures 
are not easily replaced, maintained or repaired. 
Because of this, it is of utmost importance that there 
is an understanding of how these structures age 
over time and the different elements that can affect 
this. In this scenario, gamma radiation is a variable 
which may affect potential degradation mechanisms. 
As a lot of uses of concrete will result in it being open 
to atmosphere, carbonation is one long-timescale 
degradation mechanism to be considered. This 
study utilizes sequential gamma radiation and 
carbonation to understand this long term aging 
process. 
 
It has long been reported that radiation will damage 
cement and concrete structures (Hilsdorf, Kropp, 
and Koch 1959). In the case of gamma radiation, it 
has been found that dose rate influences the 
decrease in compressive strength (Soo and Milian 
2001). Whilst gamma radiation typically causes the 
compressive strength to decrease, carbonation 
normally results in an increase (Ashraf 2016). 
  
The degree of carbonation in a hardened cement 
paste increases when simultaneously exposed to  
 
gamma radiation (František Vodák et al. 2011; Bar-
Nes et al. 2008). Vodak et al. showed the 
dehydration of the sample via mass measurements, 
indicating the radiolytic breakdown of the pore water. 
Bouniol and Bjergbakke (2008) found that unstable 
calcium peroxide can be formed via the radiolytic 
breakdown of pore water, however, in the case of 
very low dose rates there needs to be a minimum 
amount of peroxide present for this to occur. Higher 
dose rates were shown to increase the maximum 
amount of the peroxide formed. It has been 
suggested that this unstable calcium peroxide can 
lead to increased carbonation in a radiation field (F. 
Vodák et al. 2005; Maruyama et al. 2018).  
Maruyama et al. (2018) reported that samples 
simultaneously exposed to gamma radiation and 
carbonation formed vaterite and aragonite 
predominantly, whereas calcite was dominant under 
solely carbonating atmospheres.  
 
The studies utilising simultaneous irradiation and 
natural carbonation generally occur over months of 
irradiation (František Vodák et al. 2011; Bar-Nes et 
al. 2008; Maruyama et al. 2018). This paper seeks 
to examine whether using accelerated conditions 
sequentially is a viable option for these studies in 
the future. 
 
2. EXPERIMENTAL SET-UP 
 
Samples were mixed, using a 3:2 ordinary Portland 
cement (OPC): fly ash (FA) blend, with a w/s ratio of 
0.45, using a Kenwood stand mixer. Sellafield spec 
OPC (BS EN 197-1 CEM I 42,5N) was provided by 
Hanson Cement and the fly-ash was provided by 
Power-Mineral ltd, at a specification of BS EN 450-
1 NB . The cement was mixed until fully 
incorporated and then poured into 40 mm cubic 
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stainless steel moulds. Samples were covered and 
left overnight, before being removed from their 
moulds and placed into a water bath. The water bath 
was set at 20 C, and contained a lime saturated 
solution. Samples were cured for 42 days After 
curing, samples were weighed and 5 faces were 
covered with aluminium tape,  restricting 
carbonation to 1 direction.  
 
Samples were split into 3 sub groups, and exposed 
to different ‘treatments’ before carbonation. One 
group (IC) was placed into a FOSS therapy services 
self-shielded gamma irradiator at approximately 
22.8 kGy/hr for 65.5 hours, achieving 1.5 MGy total 
dose. As the gamma irradiator is lead lined the 
temperature is above atmospheric. To account for 
this, a second group (HC) was placed into an oven 
for the same amount of time at 60 C. A third group 
(C) was left in atmospheric conditions during this 
time. The exposure conditions are summarised in 
Table 12. It should be noted that both the IC and HC 
samples were exposed to atmosphere during the 
treatment stage. Following the different ‘treatments’, 
all of the samples were placed into a bespoke 
benchtop carbonation chamber and carbonated at 
5% CO2 for 2 weeks.  
 
Table 12 Breakdown of the different sample groups 
and what they have been exposed to 
Sample Irradiation Heat Carbonation 
IC x x x 
HC  x x 
C   x 
 
After the carbonation was completed the samples 
were prepared as shown in Figure 20. One of the 
mapping slices was sprayed with phenolphthalein 
indicator, and processed using ImageJ software. 
Callipers were included in the images as a reference 
distance. The other slice was used for mapping 
XRD, where a series of scans were taken from the 
carbonated edge in-wards using 0.45 mm 
increments. A Bruker D8 Discover was used, with a 
scan range 16.5-55 2, with a 0.02 step size and 
a total scan time of 3 hours per scan. Due to the 
long total scan time per sample (90 hours), a 
custom 3D printed cell holder was used that allowed 
for N2 to be flowed over the surface to minimise 
carbonation effects. 
 
 
Figure 20  Schematic of sample preparation 
 
3. RESULTS & DISCUSSION 
 
Figure 21 shows significant mass loss in both the 
irradiated and heat treated samples after the 
treatment phase, as an average over 3 samples. 
This is thought to be due to loss of the loosely bound 
pore water, rather than processes such as ettringite 
degradation given the short timescale of the 
treatment. The mass increase following the 
carbonation period, is thought to be due to 
carbonation phase formation, however, some may 
be due to water re-absorption from the relative 
humidity of the carbonation chamber (73%, 
controlled using sodium nitrite solution). 
 
 
Figure 21 Relative mass changes of the 3 sub 
groups after treatment and after carbonation 
 
The images of the phenolphthalein indicator spray 
showed an increase in carbonation depth for the IC 
and HC samples compared to the C samples, as 
shown in Figure 22. This is in agreement with the 
mass loss data, which infers that the greater 
carbonation depth is due to greater pore access, 
achieved via driving off loosely bound pore water. 
The difference in histogram shape implies there 
may be some more subtle mechanisms occurring.  
 
 
Figure 22, Histogram of the carbonation depths, 
fitted with a Kernel density function. Normally 
displayed as 3 images 
 
Mapping XRD investigated how the phases 
changed from the carbonation edge into the centre 
of the sample. For both the IC and HC sample, 30 
scans were conducted over 12 mm, whereas for the 
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C sample only 23 scans were taken, due to the 
reduced carbonation depth. The data was 
processed in python, with the background fitting 
using an asymmetric least squares smoothing 
(Eilers and Boelens 2005). The data for each 
sample was concatenated and normalised over the 
entire range of scans before being converted to a 
heatmap.  
 
 
Figure 4a Solely carbonated sample 
 
Figure 4b Heat treated and carbonated sample 
 
Figure 23c Irradiated and carbonated sample. 
Peaks labelled with P are portlandite, Q is quartz, V 
is vaterite, C is calcite, C-S-H is calcium-silicate-
hydrate and A is aragonite.   
 
Previous papers have hypothesised that different 
carbonation phases have different pre-cursors 
(Auroy et al. 2018). They found that portlandite 
precipitated calcite, ettringite formed aragonite and 
C-S-H formed vaterite. Figure 23a shows that 
vaterite was the main carbonation phase formed in 
our control sample. This does fit with Auroy et al.’s 
hypothesis as the fly-ash presence reacts 
pozzolanically decreasing the portlandite content in 
the cement . As expected, Figure 23 shows that as 
the carbonation phase decreases with its ingress 
into the sample, the precursor phases become more 
dominant, in particular C-S-H and portlandite. A 
similar trend is seen in the HC sample, however, 
calcite and vaterite are formed to approximately 
equal intensities. In the case of the IC sample, the 
calcite appears to be more intense than the vaterite 
formation, with the vaterite intensity being less than 
in the HC sample.  
 
This is partially in agreement with the findings of 
Maruyama et al., (2018) where they also found that 
the carbonation phase reversed upon irradiation. 
However, in their system it was calcite formed in the 
control, with irradiated sample forming vaterite and 
aragonite. The difference in the carbonation phase 
formed between the 2 studies is believed to be due 
to the fly-ash, however, the accelerated conditions 
are also being considered. In their paper, Auroy et 
al. showed that 3% CO2 gave similar results to 
atmospheric carbonation. 5% has been used 
elsewhere in literature, so it is not believed to be this.  
 
XRD was used to rule out the idea that irradiation or 
heat treating a sample would change the precursor 
phases. As mentioned previously, a calcium 
peroxide mechanism has been put forward in the 
literature as a potential factor in increased 
carbonation depth. There is potential that this 
mechanism could contribute to the carbonation 
phase switch. This is something Maruyama et al. 
(2018) mention in their paper, however, the main 
reason hypothesised there was advanced 
dehydration of the cement matrix.  
 
4. CONCLUSIONS 
 
This study has shown that enhanced carbonation 
was predominantly due to the loss of pore water, as 
demonstrated by the increase in carbonation depth 
of both the HC and IC. It has also been shown that 
the calcium carbonate phase formed is different 
when the cement has been exposed to gamma 
radiation and/or heat before carbonation. Therefore, 
this mechanism must not be dependant on a 
simultaneous scenario, and is likely to be as a result 
of a change in chemistry caused by heat/ irradiation 
to the cement matrix. Maruyama et al. (2018) 
hypothesised that the altered phase formation was 
due to the enhanced dehydration, however, they 
also acknowledged the potential for radiation 
chemistry to have an effect. Our results support both 
of these conclusions, with the heat treated sample 
forming both vaterite and calcite whilst the irradiated 
sample formed calcite dominantly with some 
vaterite.  
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There is potential for this sequential accelerated 
regime to be a viable alternative to the long 
timescales of simultaneous studies. Some details 
are still to be investigated, such as a more defined 
mechanism behind the carbonation phase change. 
Future studies are planned to investigate whether 
limestone aggregate (present in industry samples) 
has an effect on the irradiation and carbonation of 
cement. Hydration age before exposure to gamma 
radiation is also to be investigated. These authors 
would like to carry out a simultaneous accelerated 
study to compare to this study.  
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ABSTRACT 
 
The purpose of this research was to evaluate the strength parameters namely, compressive, tensile splitting 
and flexural strength of concrete when the natural coarse aggregate is replaced with Recycled Concrete 
Aggregate (RCA) and High Density Polyethylene (HDPE) flakes. Mechanical strength tests were performed 
on specimens with up to 100 percent RCA replacement and up to 25 percent HDPE replacement. The optimum 
percentage of RCA and HDPE was determined based on the compressive strength, tensile splitting strength, 
and flexural strength test results, and these optimum percentages were used to create design mixes integrating 
both recycled aggregates. The flexural, compressive and tensile splitting strength tests were conducted on 
these design mixes with a combination of various percentages of natural coarse aggregate, RCA and HDPE 
flakes to determine the most suitable design mix which can be used in the concrete industry. Additionally, sieve 
analysis, water absorption, aggregate impact value, specific gravity and aggregate angularity were determined 
for each coarse aggregate. Based on the evaluation of the strength parameters of this study, the optimum 
design mixes using RCA and HDPE individually which presented the most feasible results essential for the 
use in the concrete industry utilized 75 percent RCA as a replacement to NCA and 5 percent HDPE flakes as 
a substitute to NCA.  
 
1.   INTRODUCTION 
 
Concrete is a major material used in the 
construction industry due to its favourable features 
such as its durability, satisfactory compressive 
strength, cost effectiveness, availability and fire 
resistance (Yang, Du and Bao 2011). Conventional 
concrete is manufactured from natural aggregates, 
cement and water. The natural aggregates are 
usually obtained from first quarrying, then crushing 
and finally, separating into required size fractions to 
satisfy grading requirements.  
 
The Republic of Trinidad and Tobago is the 
southernmost nation of the West Indies in the 
Caribbean with a population of just under 1.4 million. 
According to the Ministry of Energy and Energy 
Affairs (2017) of Trinidad and Tobago, there are 
ninety legal active mining operations in Trinidad and 
Tobago, where forty-five of these are sand and 
gravel quarries. In 2013, the aggregate production 
was estimated to be just above six million cubic 
yards. Trinidad and Tobago Solid Waste 
Management Company Limited (SWMCOL) 
collected 510 kg of mixed plastic beverage 
containers for the purpose of recycling in 2015. 
 
This study evaluated the use of a native recycled 
concrete with recycled concrete aggregate (RCA) 
and high density polyethylene plastic (HDPE) as a 
substitute to natural concrete aggregate (NCA) by 
conducting compressive strength (CS) tests, tensile 
splitting strength (TSS) tests and flexural strength 
(FS) tests on concrete samples with varying 
percentages of NCA, RCA and HDPE. Experiments 
were conducted to determine the possibility of the 
new mortar utilizing the trapped free water between 
the old HDPE plates during consolidation before the 
water is absorbed by the porous RCA.  
 
2.   LITERATURE REVIEW 
 
In this study, RCA is considered crushed concrete 
and and therefore contains a coating of residual 
mortar around each RCA particle, which 
significantly increases the porosity and water 
absorbability. The greater porosity of the RCA 
reduces the density and lowers the specific gravity 
compared to NCA (Yong Ho et al. 2013, McNeil and 
Kang 2013).  
 
Yang, Du and Bao (2011), conducted slump tests 
with 100% NCA and 100% RCA. The RCA was pre-
wetted prior to mixing and the water to cement ratio 
used for both mixes was 0.47. There was a 
decrease in slump of approximately 27% when RCA 
fully replaced the NCA.  
 
The CS of RCA concrete mixes are influenced by 
the water to cement ratio, the percentage of RCA 
used to replace the NCA, the quantity of adhered 
mortar on the RCA particles and the variability in the 
quality of the RCA obtained from different sources 
(McNeil and Kang 2013, Ajdukiewicz and 
Kliszczewicz 2002, Meyer 2009). Batayneh et al. 
(2007) replaced 20% of the NCA with RCA and 
obtained a 13% CS reduction. Kang et al. (2014) 
replaced 50% of NCA with RCA and acquired 
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strength reductions of 25%, 19% and 17% in CS, 
TSS and FS. Yang, Du and Bao (2011) replaced 
100% NCA with RCA and obtained a decrease in 
CS, FS, and TSS of 5.7%, 13.8% and 9.3%. 
Padmini et al. (2009) found that concrete with RCA 
required lower water to cement ratio and higher 
cement content to obtain a design CS. Also, 
medium and high strength RCA was a better choice 
than the use of RCA derived from lower strength 
concrete (Tabsh and Abdelfatah 2009, Mwasha 
2009). 
 
Failure of RCA concrete samples occurred by 
fracturing through the recycled aggregate as well as 
through the ITZ between the recycled aggregate 
and the mortar. The recycled coarse aggregate fell 
off easily and there was larger ITZ cracks in the 
recycled aggregate concrete relative to natural 
aggregate concrete (Lee and Choi 2013). McNeil 
and Kang concluded that the concrete modulus of 
rupture of RCA was lower because of the weakened 
ITZ due to the residual mortar on the RCA (McNeil 
and Kang 2013). 
 
Studies by (Ramesan, Babu and Lal 2015) 
demonstrated that the physical properties of plastic 
aggregates influenced the workability of the fresh 
concrete. Some shapes and sizes resulted in 
increased concrete slump, while others resulted in 
a decrease in slump or a need for additional 
superplasticizer. A smooth surface texture and 
spherical nature of the pellets increased the slump 
unlike coarse texture and sharp edges of the flakes 
which reduced the slump. In addition, the inability of 
the plastic aggregate to absorb water resulted in 
more free water and greater slump of the concrete 
(Saikia and Brito 2012, Saikia and Brito 2014, Al-
Manaseer and Dalal 1997). The HDPE flakes and 
the RCA are small elongated, flat plates and angular 
rough aggregate respectively (Neville 2011). Water 
pressed together by two plastic plates creates 
adhesion between the plates and the water (Massey 
and Ward-Smith 2006). The pressure inside the 
liquid is less than the surrounding atmosphere by an 
amount depending on the tension in the free surface, 
and to separate the plates an additional force is 
required (Smits 2017). Alternatively, an increased 
surface tension between the HDPE flakes and the 
water can give rise to a loss of moisture within the 
fresh concrete mix and a lowered workability of the 
sample.  
 
Concrete containing 100% plastic aggregate 
illustrated a significant reduction in both CS and 
TSS attributed to the weak bond between the 
cement paste and the plastic aggregate. However, 
plastic in concrete increased the ability of the 
concrete to significantly deform prior to failure, a 
feature utilized in expansion and contraction of the 
material (Kumar and Kumar 2016). Additionally, 
concrete containing plastic can be useful in the 
repair and overlay of damaged concrete surfaces 
such as pavements, floors, bridges and dams 
(Siddique et al. 2008).  
 
3. METHODOLOGY 
 
This study investigated the replacement of NCA 
with 25%, 50%, 75% and 100% of RCA in concrete 
to determine the volume percentages required to 
achieve optimum CS and TSS. Furthermore, HDPE 
was used to replace NCA in the form of flakes at 
percentages of 5%, 10%, 15%, 20% and 25%. The 
percentage of HDPE incorporated did not exceed 
25% as the integration of HDPE more than 22% 
adversely affected the workability and strength 
parameters of concrete (Matthew et al. 2013). The 
mix design ratios adopted contained fine aggregate 
to cement of 2, coarse aggregate to cement of 3, 
and water to cement (w/c) of 0.5. The 
superplasticizer, Fosroc Conplast SP430, was 
consistently utilized in all mixes at a volume of 1.9 
ml per kg of concrete to aid the workability of the mix 
with higher percentage of RCA and HDPE. The 
RCA was utilized from old crushed concrete 
laboratory samples, and the HDPE flakes were 
obtained from a waste disposal site in Trinidad. 
 
Identification of aggregate shape and surface 
texture was conducted according to (Neville 2011) 
as well as sieve analysis performed. The size of the 
coarse aggregates all ranged between 5 mm and 20 
mm. Water absorption, specific gravity, and 
aggregate impact value tests were also used to 
characterize the NCA and RCA specimens.  
 
A trial mix conducted on NCA without 
superplasticizers produced a slump value of 30 mm. 
In an effort to ensure sufficient slump was obtained 
for the mix with greatest RCA percentage, 
superplasticizers were used on 100% RCA test 
specimen. The greater percentage of RCA in the 
concrete mix results in a greater water absorption 
rate and a lower slump value. The target CS at 28 
days was 35 MPa. 
 
The design mix ratio for optimum RCA and HDPE 
was performed in two separate stages: an initial mix 
combining with NCA and RCA or NCA and HDPE 
flaxes separately (see Table 13) and a second mix 
incorporating the optimum designs from stage I (see 
Table 14). The mix designs were selected based on 
the results of slump tests, CS tests conducted on 
101.6 mm cube specimens, and TSS tests 
conducted on 101.6mm dia. x 203.2 mm depth 
cylinders at 28 days curing. Six specimens were 
tested for CS and TSS tests. The sieve analysis, 
slump tests, CS and TSS tests were again repeated 
for the second stage mix designs in addition to 
modulus of rupture tests on 100 mm x 100 mm x 
400 mm beams at 28 days curing. 
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Table 13. Design Mix Percentages of NCA, RCA 
and HDPE Flakes for Stage I 
Design 
Mix 
NCA 
(%) 
RCA 
(%) 
HDPE 
(%) 
Slum
p 
(mm) 
A 100 0 0 170 
B25 75 25 0 170 
B50 50 50 0 170 
B75 25 75 0 70 
B100 0 100 0 45 
C5 95 0 5 185 
C10 90 0 10  
C15 85 0 15 145 
C20 80 0 20 140 
C25 75 0 25 140 
 
Table 14. Design Mix Percentages of NCA, RCA 
and HDPE Flakes for Stage II 
Design 
Mix 
Optimum 
RCA Mix(%) 
Optimum 
HDPE  
Mix(%) 
Slump 
(mm) 
D1 75 25 110 
D2 50 50 130 
D3 25 75 140 
 
4. RESULTS AND ANALYSIS 
 
The shape and surface texture of the NCA was 
irregular and smooth, compared with the RCA of 
angular and rough with honeycombs, and the HDPE 
flakes were elongated and flaky with a smooth 
plastic surface. Both the NCA and RCA fell within 
the upper and lower limits of the sieve analysis, but 
the flaky elongated shape resulted in a lower 
percent of the HDPE retained on all sieves. 
 
The results of the CS and TSS tests for the stage I 
mix of recycled aggregates and natural aggregates 
are provided in Table 15. The optimum design 
mixes for RCA and HDPE were B75 and C5 
respectively. The increase in CS can be attributed 
to the fact that the w/c ratio was kept constant at 0.5 
for all the mixes, and the CS of material used to 
create the RCA was 20% greater than the target 
strength. A lower w/c ratio can enhance the 
interfacial transition zone and improve CS. These 
mixes were utilized in the stage II D1, D2, and D3 
mixes, and the strength test results are provided in 
Table 16.  
 
Table 15. CS and TSS Results for Stage I Mix 
Mix CS (MPa) TSS (MPa) 
 
Mi
n 
Ma
x 
Av
e 
Min Max Ave 
A 38 46 43 2.2 2.9 2.7 
B25 28 41 35 3.1 3.4 3.2 
B50 35 41 37 3.4 4.0 3.6 
B75 35 44 41 3.0 3.8 3.4 
B100 33 41 35 2.1 2.9 2.6 
C5 40 43 41 3.0 3.2 3.0 
C10 26 29 27 2.1 2.6 2.3 
C15 20 24 22 1.2 1.4 1.3 
C20 10 16 13 1.1 1.2 1.1 
C25 8 10 9 0.8 0.9 0.9 
 
Table 16. CS, TSS, and FR Results for Stage II Mix 
Design 
M
ix
 
CS (MPa) TSS (MPa) FS (MPa) 
M
in
 
M
a
x
 
A
v
e
 
M
in
 
M
a
x
 
A
v
e
 
M
in
 
M
a
x
 
A
v
e
 
A 38 46 43 2.
2 
3.
0 
2.7 4.
5 
5.
3 
4.
9 
D
1 
39 43 41 2.
3 
2.
8 
2.4 4.
9 
5.
4 
5.
2 
D
2 
36 41 39 2.
0 
2.
8 
2.2 4.
2 
5.
0 
4.
6 
D
3 
32 39 36 1.
5 
2.
4 
2.0 4.
2 
5.
1 
4.
6 
 
The mixes D1, D2 and D3 all attained a CS above 
the target of 35 MPa, but decreased in CS from the 
original mix A by 4.7%, 9.3% and 16.3% 
respectively.  
 
The HDPE selected resulted in a lower slump for 
RCA replacement of 15 % or more. This could be a 
result of the flat, flaky, elongated shape of the HDPE 
resulting and a surplus of water being trapped 
between the flakes due to high surface tension 
(Massey and Ward-Smith 2006), and the weak 
packing as demonstrated with the poor sieve 
analysis results. The mixing process did not utilize 
the trapped free water to create a more workable 
mix. Additionally, the low density of the HDPE 
resulted in high segregation of flakes during the 
mixing and vibrating process and the creation of 
non-uniformed composition. The replacement of 
HDPE flakes up to 15% resulted in Type 1 failure 
mode with uniformed cones, but at 20% and 25% 
HDPE replacement, the failure modes of the 
specimens were Type 3 or columnar vertical 
cracking through both ends. The extensive HDPE 
segregation present in C20 and C25 created weak 
regions across the specimens resulting in vertical 
cracking. Poor bonding was also observed due to 
the surface texture of the HDPE in addition to an 
increase in voids with the use of the HDPE. The 
TSS followed similar trends to the CS results. 
 
Based on all the findings of the study, B75, C5 and 
D1 attained the highest compressive cube strength 
at 28 days of 41 MPa illustrating a 5%, 4% and 4% 
reduction in strength relative to the control mix. 
These design mixes achieved the desired CS, 
therefore 75% RCA or 5% HDPE flakes or a 
combination of 1.25% HDPE flakes and 56.25% 
RCA as a replacement to NCA in concrete are all 
feasible design mixtures.  
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All beam A specimens exhibited small voids on all 
surfaces, and failed within the middle region. The 
fractured face displayed aggregate failure and some 
NCA bond failure. Segregation of HDPE flakes were 
also observed on the top surfaces of the D1, D2, 
and D3 mixes. The defects observed on the 
fractured faces were aggregate failure of RCA and 
NCA, with minor bond failure for all aggregates. 
Additionally, the HDPE flakes in the D3 specimen 
held some of the samples together after failure. 
 
5. CONCLUSION 
 
The integration of RCA at all increments resulted in 
a decrease in CS relative to the control mix due to 
greater porosity, lower density, and the double ITZ. 
A 17% increase in CS with inclusion of 25% to 75% 
RCA was observed, but a decline in CS was 
obtained for 100% RCA. The increase in HDPE 
flakes drastically affected the strength of the 
concrete due to its inability to produce a uniformed 
mix and its poor bonding capability. However, the 
combination of a small quantity of HDPE flakes, up 
to 5%, presented a concrete with a feasible CS, TSS 
and FS and with good workability. The use of the 
HDPE flakes in the mix design did not aid the 
workability, and generally reduced the strength. 
Although the plastic can be utilized in small 
quantities, it is a weaker alternative to sustainability 
benefits of plain RCA. Further investigation can be 
done on altering the size, shape and surface texture 
of the HDPE in the mix. 
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ABSTRACT 
 
Concrete is the world’s second most consumed man-made material, and is responsible for up to 7% of total 
greenhouse gas emissions. Shell structures are well-known as structurally efficient elements, with pleasing 
architectural and aesthetic appeal in view of their curved shapes. In contrast to this structural efficiency, the 
traditional timber and plywood formwork system is highly complex in such cases (in order to reach the shape 
of the elements), highly labour-intensive and therefore, very costly. This complexity of construction and the 
empiricism in form finding processes prevalent in the 1960s and 1970s, the heyday of shell-like structures, has 
finally side-lined them in favour of the traditional slab-beam-columns system. However, current advances in 
modelling techniques and the advent of computers with ever more powerful data processing capabilities, 
together with marked progress in material technology (concrete), have again opened up the possibility of 
employing shells as innovative structural elements. If, on the one hand, modelling techniques allow definition 
of structurally highly efficient shapes, construction systems must accompany this trend in order to contribute 
with a more ecologically-oriented, less energy-consuming system. Flexible formwork systems using natural 
fibre reinforced composites could be a viable alternative for shell construction systems. The presented work 
will review and assess the potential of sisal fibre composites to form the first hardening layer in building 
pneumatic formwork shells. The proposed work will develop an innovative and optimized construction system 
in terms of project (topology), with a low carbon – low ecological footprint. 
 
 
1.   INTRODUCTION 
 
The discovery of Portland cement, a basic element 
in the production of concrete, has revolutionized the 
world's architectural landscape. The plastic feature 
of concrete gives the material the ability to be cast 
into free shapes, surprisingly explored by Frank 
Lloyd Wright, Oscar Niemeyer, Le Corbusier, Felix 
Candela, Eduardo Torroja, Frei Otto, Heinz Isler, 
and many other renowned architects and engineers. 
This characteristic of fresh plasticity and 
consequent flexibility in the moulding of forms is 
facilitated by use of cement, a hydraulic binder with 
an annually increasing global production since 
World War II. In 2016, global production was 4.65 
billion tonnes (see https://cembureau.eu/cement-
101/key-facts-figures/). 
 
Cement production is the third largest source of CO2 
emissions, due to calcination of the limestone and 
the high energy required to heat the raw materials 
at temperatures above 1400°C in rotary kilns. It is 
estimated that the contribution of Portland cement 
production is approximately 5 to 7% of the total 
anthropogenic emissions (Huntzinger & Eatmon, 
2009 and Meyer, 2009). Therefore, reducing the use 
of cement is a key issue to promote sustainability in 
concrete construction. One of the ways to decrease 
cement consumption is using free-form casting to 
design structurally efficient shapes, such as 
funicular shells, whose stress state is essentially 
compressive. Single or double curved shells have 
reduced bending moment and shear stresses. With 
their membrane-like behaviour (plane stresses 
only), the shells need to be a few centimetres-thick 
to manage large spans (Mutoni et al., 2013). During 
the mid-20th century, thin-shell concrete structures 
were widely used to cover large spans, but 
applications began to decline due to the intense 
work and cost of the formwork system, and the 
complexity of sizing, often related to empiricism in 
the form finding methods. 
 
Preferably, in the vast majority of works, the 
concrete is cast into rigid moulds, resulting in 
prismatic cross sections which are not the most 
desirable and efficient, both aesthetically and 
structurally (Hawkins et al., 2016). The orthogonality 
of the cross sections leads to the predominance of 
structural systems composed of orthogonal beams 
and cross-section pillars, which often leads to an 
increase in dead loads. 
 
However, advances in numerical modelling 
techniques that allow the search for structural shape 
and analysis of free-form elements coupled with 
concrete technology - mixtures that can be applied 
in very thin layers fast-hardening layers and with 
strict surface control, opens again a range of 
opportunity for the use of concrete shells. 
 
From a structural perspective, concrete shells could 
be designed in a much more efficient manner so as 
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to adequately utilise the material properties. In order 
to guarantee efficiency, the research object now is 
the development of an alternative easy handled 
formwork system that is eco-friendly. The proposed 
study will explore development of pneumatic 
formwork using natural fibre composites.  
 
2. PNEUMATIC FORMWORK SYSTEM 
 
Shell structures are composed by a free-form or 
double curve in most of their applications. This 
complex geometry results in surfaces that are not 
constructible. For example, it is impossible to flatten 
the shape of a sphere without major distortion or 
flaring. Thus, complex formwork systems are 
necessary to construct these non-orthogonal 
surfaces.  
 
A potential answer to this design challenge is the 
application of pneumatic formwork. Pneumatic 
formwork was first patented in 1926 for the 
production of culverts and concrete pipes; this 
involved the inflation of a cylindrical membrane 
coupled with the setting of workable concrete 
moulded around it, eventually culminating in the 
rupture and removal of the membrane (Kromoser 
and Huber, 2016).  
 
Advantages of this method included high level of 
prefabrication, quick erection and dismantling, 
almost unlimited spatial curvatures, large spans and 
multiple uses (Sobek, 1991). Actually, pneumatic 
formwork systems have appeared in limited spatial 
shapes because erection was done by balloon. 
Since the invention, a number of different systems 
and erection-procedures have been developed in 
order to reduce the deformation in the formwork. 
The control of formwork deformations is of great 
importance because the shape can change 
remarkably under the load of fresh concrete (e.g. 
Bini, 1967; Schlaich and Sobek, 1986; South, 1990; 
Pronk et al., 2007, Hove, 2008, Kromoser and 
Kolleger, 2016).  
 
3. SISAL FIBRE 
 
Brazil is the world´s largest producer and exporter 
of thread and manufactured sisal (Agave Sisalana) 
(CONAB, 2016). In 2017, Brazilian total production 
recorded 133,000 tons in a planted area equivalent 
to 206,327 ha (IBGE, 2017), located in the states of 
Bahia and Paraíba, semi-arid region where total 
rainfall is scarce and irregular. Sisal is used in the 
manufacture of ropes, rugs, brooms, bags, 
handcrafted items and also as an automobile 
component. In construction applications, research 
carried out by Lima et al. (2019) and by Savastano 
Jr et al. (2006) reported the potential of using sisal 
fibres in cementitious composites, although 
protection studies against early fibre degradation 
are required. Frollini et al. (2004) studied sisal as 
reinforced fibre in phenolic composites.  
 
  
(a) (b) 
  
(c)  (d) 
Figure 1. (a) sisal plantation; (b) sisal fibre drying processes; (c) 
handicrafts and (d) sisal fabric 
 
Figure 1 shows the sisal plant (Agave sisalana) 
besides handicrafts and the fabric itself. In this 
study, the use of sisal fabric as flexible formwork will 
be explored.  
 
Flexible formwork composed by sisal fibres can be 
a viable alternative due to its low cost. When 
compared to carbon and glass fibre, sisal fibres 
costs represent 11% of glass fibre and 0.07% of 
carbon fibre. Furthermore, sisal fibres show good 
mechanical properties when compared with other 
natural fibres (Table 1). 
 
Physical and mechanical performance and specific 
gravity of natural and artificial fibres are presented 
in Table 1. 
 
Table 1. Physical and mechanical properties of natural and 
artificial fibres (Bledzki and Gassan, 1999) 
Fibre Specific 
gravity 
(g/cm3) 
Ultimate 
strain 
(%) 
Tension 
Strength 
(MPa) 
Young 
modulus 
(GPa) 
Sisal 1.5 2.0-2.5 511-635 9.4-22 
Cotton 1.5-1.6 7.0-8.0 287-597 5.5-12.6 
Hassey 1.3 1.5-1.8 393-773 26.5 
Flax 1.5 2.7-3.2 345-1035 27.6 
Glass 2.5 2.5 2000-
3500 
70 
Aramid 1.4 3.3-3.7 3000-
3150 
63-67 
Carbon 1.4 1.4-1.8 4000 230-240 
 
Tests on small-scale models can be used to 
evaluate the feasibility of alternative composites as 
a stiffening layer in the construction system of thin 
shells. The characteristic double curvature is 
ensured by pressurizing a special natural 
membrane composite to obtain the desired shape. 
On the composite, a layer of concrete is applied to 
support the structural element. The scheme of 
constructive technique under study is shown in 
Figure 2. 
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Figure 2. Alternative construction system proposed 
 
3. SUMMARY 
 
The presented work is a proposal for development 
of an innovative and optimized construction system 
in terms of design (topology) and low carbon - low 
ecological footprint. The method includes additional 
social impact through the diversification of sisal and 
to the development of rural communities in the 
Brazilian Northeast, which are dependent on 
subsistence from sisal. 
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ABSTRACT 
 
This paper discusses suitable approaches for the simulation of railway stray alternating current (AC) conditions, 
upon which the corrosion susceptibility of steel fibres can be assessed. Instrumental methods in 
electrochemistry including Tafel polarization and Electrochemical Impedance Spectroscopy (EIS) were 
conducted to assess the corrosion resistance of steel fibres which has great potential to replace conventional 
steel reinforcement in railway tunnel construction. The analytical model developed based on electric circuit 
modelling indicates that concrete containing discrete steel fibres has an inherent corrosion resistance to stray 
AC interference under a chloride-free condition due to the electrical double layer developed on the surface. 
The presence of chloride at a low concentration (< 0.3 mol/L) in the concrete pore solution does not have 
significant effect on the corrosion resistance of steel fibres.  
 
 
1.   INTRODUCTION 
 
Railway electrification represents an important 
carbon strategy in the UK. It is estimated that an 
electric train consumes at least 20% less power (per 
passenger per mile) compared to a diesel-powered 
train (Kemp, 2007). In the UK, only 39% of the 
national rail network is electrified and the 
government is committed to promote railway 
electrification and thus provide more sustainable 
and comfortable services for the public. Major work 
has been carried out for the Crossrail project and 
the High Speed 2 (HS2). For a modern electric train 
traction system, the transmission of power is 
normally provided by an overhead wire or a 
conductor rail; the return circuit is usually through 
the running tracks to nearby substations. Stray 
current refers to the current which disperses directly 
to the ground through the return path. Stray current 
can accelerate the corrosion of railway tunnel 
segmental lining concrete and surrounding service 
cables, water mains and gas pipes. Approximately 
£550 million is required per annum for the 
rehabilitation and repair of the stray-current induced 
corrosion damage to the UK infrastructure (National 
Physical Laboratory (UK), 2015). ACI 544 (2010), 
report on the physical properties and durability of 
fibre-reinforced concrete, states that “since the 
fibres are short, discontinuous and rarely touch 
each other, there is no continuous conductive path 
for stray or induced currents or currents from 
electromotive potential between different areas of 
the concrete”. Based on this information, SFRC 
appears to be an ideal substitute for conventional 
steel reinforcement in electric railway systems, with 
less concern about stray current induced corrosion. 
On the other hand, the investigation of stray current, 
especially stray alternating current (AC)-induced 
corrosion, is still very limited based on a review of 
the literature. This is despite that AC traction power 
systems account for 64% of the UK electrified 
railway network (Keen and Phillpotts, 2010). For a 
stray DC interference alone issue, Bertolini et al. 
(2007) reported that a DC current density up to 1 
mA/cm2 was enough to initiate serious pitting 
corrosion in reinforced concrete; AC current density 
of 4 mA/cm2 (50 Hz) however did not initiate any 
corrosion in reinforced concrete containing up to 0.2% 
chloride (by mass of cement), indicating enhanced 
corrosion resistance to a stray AC interference. 
Tang (2019) proposed a mathematical model (Eq. 
(1)) for the prediction of Faradaic current picked up 
and transferred by discontinuous steel 
reinforcement subjected to an AC perturbation, 
. It shows that the magnitude of AC current 
(I0) and angular velocity (ω) are key parameters 
governing the corrosion of steel reinforcement 
subjected to an AC perturbation. Increased ω can 
lead to reduced Faradaic current flowing through 
discontinuous steel reinforcement and thus the 
reduced corrosion rate (CR). This finding agrees 
well with the published experimental data (Bosch 
and Bogaerts, 1998). In addition to ω, Rct (charge 
transfer resistance) and Cdl (double-layer 
capacitance) represent important parameters 
governing the kinetic properties of the steel-
concrete interface.  
 (1) 
Chloride represents a common corrosive substance 
which can lead to the breakdown of steel passive 
layer. The presence of chloride in concrete can be 
a result of contaminated aggregate and mixing 
water. The ingress of chloride from the external 
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environment, e.g. de-icing agents, can also reach 
steel reinforcement through the concrete cover. 
Tang (2017) reported that 0.6 mol/L may be taken 
as the chloride threshold level for corrosion of steel 
fibres in the concrete pore solution. This is 
significantly higher than that of conventional steel 
reinforcement, i.e. 0.17-0.34mol/L (Angst, Elsener 
et al., 2009), which indicates the steel fibre has a 
higher resistance to chloride attack. 
 
2. Experimental and analytical procedures 
 
The primary objective of this project is to simulate 
the stray AC interferences using laboratory 
equipment, upon which the corrosion susceptibility 
of SFRC to a simulated stray AC interference can 
be assessed. In this work, a galvanostatic 
polarization technique (control of current) was 
developed for the simulation of the stray AC 
environment. The electrochemical cell is shown in 
Fig. 24. It allows AC voltage to be applied to the 
steel fibre under a controlled anodic current of 30 
mA (50 Hz). This was achieved using the Gamry 
Interface 1000E potentiostat with the Gamry’s 
Virtual Front Panel (VFP600) software package 
which applied sine wave current perturbation of 30 
mA to the WE at a constant frequency of 50 Hz, 
when the external potential (E) was measured. The 
AC frequency, i.e. 50 Hz, is the same as the UK 
National Grid AC frequency. After the 10-min stray 
AC interference test and Tafel polarization tests 
were conducted in sequence. Three parallel 
samples were prepared and tested for each 
aqueous electrolyte composition simulating the 
concrete pore solution. Freshly prepared electrodes 
and electrolytes were taken at start of each test. 
Tafel polarization was conducted by applying a DC 
potential perturbation, ±250 mV (vs OCP), was 
applied to the WE and the current flow between the 
WE and a 40×50×3mm graphite counter electrode 
(CE) at a potential scanning rate of 1 mV/sec. Tafel 
slope analysis was then conducted to determine the 
corrosion current density (icorr) and corrosion 
potential (Ecorr) through a nonlinear regression an. 
The effect of chloride on the corrosion of steel fibres 
was investigated by adding NaCl into the electrolyte 
at different concentrations, i.e. 0, 0.3, 0.6 and 0.8 
mol/L. Three parallel samples were prepared and 
tested in each group. Freshly prepared electrodes 
and electrolytes were used in each test. 
 
Cyclic Potentiodynamic (CP) polarization was 
conducted to obtain additional information about the 
passivation behaviour of steel fibres after the stray 
AC interference test. The experimental procedure of 
CP polarization was similar to that of Tafel 
polarization, despite the potential sweep being 
mainly along the anodic direction, e.g. -0.5 to 1.5 V 
from the open circuit potential (OCP). A faster 
scanning rate of 5 mV/sec was adopted in CP 
polarization and a reverse scan was conducted 
when either the maximum potential (i.e. 1.5 V vs 
OCP) or a maximum current density of 100 mA/cm2 
was achieved. Two parallel samples were prepared 
and tested in each group. 
 
Fig. 1. DC galvanostatic polarization test (all units in 
mm) (Tang, 2019) 
 
3. Results and discussion 
Before the stray AC interference test, Tafel 
polarization was conducted and the polarization 
curves are in Fig. 25. The presence of chloride 
pushed the corrosion potential Ecorr to more negative 
values, alongside increased corrosion current 
densities, icorr, indicating enhanced corrosion 
reactions. After the stray AC interference test, Tafel 
polarization was conducted and results of Ecorr and 
icorr are presented in Fig. 26. It shows that the pre-
exposure of steel fibres to a simulated AC stray 
current interference shifted the corrosion potential 
Ecorr towards more negative values. This agrees with 
results reported in the literature (Chin and Sachdev, 
1983; Goidanich, Lazzari et al., 2010). The 
presence of AC interference however did not 
significantly increase icorr when comparing the case 
where the Tafel polarization procedure was carried 
out on the as-received steel fibre with the case 
where it was performed after the exposure of the 
steel fibre to the simulated AC stray current 
interference.  
 
CP polarization results obtained before and after the 
AC interference test (Fig. 27, Fig. 28) show that 
similar CP voltammograms were obtained with up to 
0.3 mol/L NaCl in the electrolyte. Visual observation 
was conducted to assess the steel fibre surface 
after exposure to the simulated AC stray current 
interference: no rust was observed on the steel fibre 
surface with even 0.8 mol/L NaCl in the electrolyte.  
In comparison to an aqueous electrolyte, a solid 
electrolyte such as concrete has different chemical 
compositions, electrical resistance and electronic 
structures which can affect the corrosion behaviour 
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of steel. This has been discussed in a separate 
paper (Tang, 2019). 
 
Fig. 2. Tafel polarization results (before AC 
interference) (Tang, 2019) 
 
Fig. 3. Tafel polarization results (after 10-min stray 
AC interference) (Tang, 2019) 
 
(a) 0.0 mol/L NaCl in the electrolyte 
 
(b) 0.3 mol/L NaCl in the electrolyte 
Fig. 3. CP polarization test results (before AC 
interference) (Tang, 2019) 
 
 
Fig. 4. CP polarization test results (0.3 mol/L NaCl) 
(after 10-min stray AC interference) (Tang, 2019) 
 
4. Conclusion  
The stray current induced corrosive damage to 
railway infrastructure will become more prominent in 
the UK as the government is committed to 
developing more electrified rail networks. The effect 
of stray the AC interference on the corrosion of steel 
fibres can be investigated by instrumental methods 
for electrochemistry. Tafel and cyclic 
potentiodynamic (CP) polarization provides useful 
information about electrochemical kinetics relating 
to the corrosion rate where the values of polarization 
are low.  CP polarization results, especially those 
obtained at a high-value anodic overpotential, 
provides useful information which can be used to 
quantitatively assess the corrosion behaviour of 
steel fibres subjected to a simulated stray AC 
interference.  
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The experimental results indicate that steel fibres 
demonstrate high inherent corrosion resistance to 
AC interference (30 mA, 50 Hz). The presence of 
NaCl up to 0.3 mol/L in the simulated concrete pore 
solution did not significantly enhance steel fibre 
corrosion. This can be attributed to the electrical 
double layer developed on the steel surface which 
allows a part of the stray AC currents to flow through 
it without causing corrosive damages to the 
embedded steel fibre.  
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ABSTRACT 
 
Many encapsulation operations for the treatment of Intermediate Level Waste (ILW) at the Sellafield nuclear 
site use a grout based on ordinary Portland cement (OPC) with a high proportion of blastfurnace slag (BFS). 
The current nuclear industry specification OPC and BFS powders differ in several respects from standard, 
construction specification materials. For example, as well as being coarser, Sellafield BFS has a more tightly-
controlled physical and chemical specification. These factors ensure reproducible performance in terms of 
processing properties such as high fluidity, absence of bleed, low water-to-solids ratios and hence ultimate 
longevity of the encapsulated package. However, the ability to use standard construction industry GGBS and 
CEM I of a wider compositional and physical property range would be desirable to enable increased security 
of supply, as Sellafield moves into the process of decommissioning, thus requiring materials over an extended 
timescale. Superplasticisers could offer nuclear encapsulation processes a potential means of accommodating 
the different rheological characteristics of standard construction industry powders. 
 
In this study, funded by Sellafield Ltd, trials were undertaken to develop an operating envelope for the 
encapsulation process by assessing the water to cement solids ratio, the proportions of GGBS to CEM I and 
the addition level of a polycarboxylate ether (PCE) superplasticiser. The fluidity of the grouts was characterised 
by a flow channel test.  
 
 
1.   INTRODUCTION 
 
Cement encapsulation is used in the UK to package 
intermediate level waste (ILW) from the 
reprocessing of nuclear fuel (Fairhall and Palmer, 
1992). ILW may be in the form of solids or slurries 
(Wilson, 1997). Examples include Magnox or 
stainless steel swarf from the decladding of fuel 
elements, or miscellaneous scrap metalwork. 
 
The nuclear industry uses bespoke cement 
powders which present a future supply risk because 
the volumes required are relatively small. The three 
main powders of interest are ordinary Portland 
cement (OPC), blast furnace slag (BFS) and 
pulverised fuel ash (PFA). These cement powders 
are manufactured to a tight specification in order to 
guarantee reproducible performance and product 
quality in nuclear encapsulation operations. They 
differ from standard powders used in the 
construction industry, such as CEM I (BSI 2011) and 
ground granulated blastfurnace slag (GGBS; BSI 
2006). Nuclear industry powders are coarser in 
order to produce grouts of high fluidity at low 
water/solids (w/s) ratios of 0.3 – 0.4. High fluidity is 
required in order to infiltrate the spaces between 
fragments of solid ILW and hence minimise voids. 
The low w/s leads to high ultimate strength and low 
permeability, both of which confer longevity (Kropp 
and Hilsdorf, 1995), as well as preventing the 
occurrence of bleed.  
 
BFS is used at a high substitution level for OPC, 
typically 75% by weight of cementitious powder. 
(Fairhall and Palmer, 1992). This, in combination 
with the larger average particle size, enables the 
reactivity to be tailored to provide both long working 
times prior to pouring and development of sufficient 
early strength afterwards. The finished wasteform is 
monolithic and of high quality. 
 
During a typical production operation in an 
encapsulation plant for treating solid waste, solid 
ILW is placed in a 500 L steel drum. Grout is 
prepared according to the established formulation 
for the ILW and plant in question. Owing to 
production requirements, up to 2.5 hours may 
elapse between the preparation and the pouring of 
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the grout into the drum, and hence it is important 
that sufficient fluidity is retained during this hold-up 
period. Vibrogrouting is applied during grout filling to 
aid infiltration of the waste. The grouted wasteform 
is then allowed to cure for up to 24 hours. In some 
plants, a capping grout is then applied to seal the 
wasteform and minimise headspace in the waste 
package.  
 
Superplasticisers greatly enhance the fluidity of 
cement grouts for a given water content (Marchon 
et al, 2019; Dalas et al, 2015). Recently, their 
suitability for ILW nuclear encapsulation purposes 
has started to be re-assessed (NDA, 2017). As 
reprocessing facilities such as Sellafield enter their 
decommissioning phases, the nature of the ILW is 
likely to change and greater flexibility of 
encapsulation operations may be required over a 
prolonged timescale. Importantly there is also a 
driver to re-purpose the plants used to encapsulate 
reprocessing wastes to allow them to treat 
decommissioning wastes. This situation would 
benefit from the use of standard construction 
industry powders if it could be accomplished with 
only minor modification of existing encapsulation 
processes. Superplasticisers may facilitate this by 
imparting high fluidity at low to moderate water 
contents, thus affording durable and homogeneous 
products. Additionally, this may help to reduce 
issues of security of supply by providing a wider 
range of potential powder sources and by 
simplifying operational complexity. For example, 
vibrogrouting could be omitted. 
 
The aim of this work has therefore been to establish 
a suitable operating envelope for encapsulation 
operations using grouts based on CEM I, GGBS and 
a PCE superplasticiser.  
 
2. MATERIALS AND METHODS 
 
The powders used in this work were CEM I 52,5N 
and GGBS supplied by Hanson Cement UK. XRF 
compositional data, Rietveld XRD analysis and 
particle densities obtained by helium pycnometry 
were supplied by Hanson Cement UK. Loss on 
ignition, residual moisture contents, and particle 
size distributions (Malvern Mastersizer 3000) were 
determined at NNL Workington. For the full-scale 
trials described below, powder fineness measured 
by Rigden’s air flow method was 430 m2kg-1 for 
CEM I and 440 m2kg-1 for GGBS. 
 
The superplasticiser was a commercial PCE 
superplasticiser supplied by Grace Construction 
Products and marketed as ADVACast 571. This 
product is a liquid dispersion of solids content 35% 
and density 1.10 g cm-3. It was added to the mix 
water prior to powder addition. The volume (in L) of 
added superplasticiser is expressed as a 
percentage of the total mass (in kg) of cementitious 
powder, i.e. both CEM I and GGBS. 
 
Small-scale mixes were carried out on a Hobart 
planetary mixer to produce mixes of volume 3 litres. 
Large-scale mixes were carried out on a Colcrete 
SD10 colloidal grout mixer. This has a maximum 
capacity of 283 litres and is connected to a 500-litre 
holding tank for continued agitation of the grout 
following high-shear mixing, as shown in Figure 1. 
The mixing procedure involved powder addition at 
ca. 35 kg/min for 9 minutes during high shear mixing 
followed by an additional 3 minutes of high shear 
mixing. The grout was then transferred to the 
holding tank where it was stirred at low shear. 
Colflow values (as described below) and grout 
temperatures were measured every 30 minutes. 
The temperature of the mix water was in the range 
7 – 8 °C for both small-scale and large-scale mixes. 
 
Grout fluidity was measured by the Colcrete flow 
channel test, or ‘Colflow’, which is an adaption of the 
flow channel test described in (BSI, 2002). The 
sample volume for these tests was 200 mL.  
 
Ancillary measurements included isothermal 
conduction calorimetry using a TAMAir calorimeter 
operating at 35°C, and bleed measurements at 24 
hours of grout samples in sealed 100 mL measuring 
cylinders. After 90 days, solid specimens from the 
bleed measurements were used for assessing 
segregation by cutting the specimens in half and 
determining the densities of the upper and lower 
halves by Archimedean weighing. 
 
 
Figure 1. The SD10 mixer and holding tank. 
 
3. RESULTS 
 
This work has followed three stages to date.  
 
In stage one, 29 mixing experiments at the 3-litre 
scale were carried out in order to explore the effect 
of superplasticiser dosage on grout performance, 
particularly in respect to fluidity. These results 
indicated that grouts of suitable fluidity could be 
obtained with a superplasticiser dosage of 0.3 v/w% 
on the mass of cementitious powder. This result 
suggests that minimal modification of the current 
plant configuration would be necessary if CEM I, 
GGBS and superplasticiser were to be adopted. For 
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example, a formulation of 75 wt% BFS and w/s = 
0.35 could be retained with the only necessary 
modifications being the incorporation of the 
superplasticiser and substitution of CEM I and 
GGBS for OPC and BFS powders respectively.  
 
Stage two focused on using this formulation to 
investigate the effect of scale-up. The results 
highlighted the importance of the scale of mixing. 
Mixing experiments were undertaken at both small 
scale (3 litre) and full scale (250 litre). In addition, a 
preliminary assessment of the infilling performance 
was conducted using columns of Magnox swarf or 
slate fragments (of size <20 mm) as models of 
tortuous, solid waste assemblies through which 
thorough grout infiltration was sought. 
 
The results of this stage are summarised in Figure 
2, in which normalised Colflow data are plotted 
against hold-up time for two 3-litre and two 250-litre 
trials. It should be pointed out that different batches 
of GGBS, CEM I and the PCE superplasticiser were 
used in these trials, and hence the intrinsic fluidities 
will have been affected by variations in both 
fineness and chemical composition. To compensate 
for this, the data have been normalised to the initial 
Colflow at t = 0 minutes. 
 
 
Figure 2. Normalised Colflow data for small-scale 
mixes (dashed lines and open symbols) and large-
scale mixes (continuous lines and filled symbols). 
The grout formulation was 75% GGBS, 25% CEM I, 
w/s 0.35 and superplasticiser dosage 0.3% (v/w). 
 
Two significant findings are evident, namely (a) the 
fluidity is sensitive to the fineness of the GGBS, and 
(b), at full scale, the fluidity of grout declined more 
quickly with hold-up time than was the case at small 
scale. The consequence of (b) was that several of 
the infilling trials were not successful. 
 
Regarding (b), the contrast in hold-up behaviour 
between small-scale and full-scale situations, this 
effect could be attributed to the higher shear 
characteristics associated with the SD10 mixer and 
the associated pipework. This can have an adverse 
effect on the fluidity of grouts or mortars, (Han and 
Ferron, 2016). particularly self-compacting 
concretes which feature low w/s ratios in 
combination with superplasticizer addition (Feys et 
al, 2009). Additionally, the larger volume caused a 
greater increase in the grout temperature. 
 
In stage three, a series of full-scale trials were 
conducted with varied formulations to compensate 
for the reduced fluidity observed with hold-up time 
at full scale. The formulations were based on an 
experimental design which produced an array 
defined by the three independent variables, namely  
the percentage of GGBS in the cementitious powder 
blend,  
the ratio of water to cementitious solids (w/s) and  
the addition level of superplasticiser (S/P).  
The array of formulations is shown in Table 1. 
 
Table 1. Trial array and observed maximum Colflow 
values.  
Trial 
(run) 
number 
%GGBS w/s 
S/P 
(%v/w) 
Max. 
Colflow 
/ mm 
1 55 0.40 0.7 740 
2 75 0.50 0.7 860 
3 65 0.45 0.5 800 
4 65 0.45 0.5 800 
5 55 0.50 0.3 390 
6 75 0.50 0.3 470 
7 75 0.40 0.3 170 
8 75 0.40 0.7 780 
9 55 0.40 0.3 170 
10 65 0.45 0.5 790 
11 55 0.50 0.7 820 
 
 
Figure 3. Colflow values as a function of hold-up 
time for Trials 2, 3, 5, 6, 7, 8 and 9. Legend format: 
Trial number followed by formulation details as 
follows (wt% GGBS, w/s, v/w% SP). 
 
Selected data for hold-up performance are 
presented in Figure 3. It can be seen that the mid-
point of the array gave grouts of high fluidity, close 
to those grouts with maximum fluidity. This indicates 
that the positioning of the array somewhat over-
compensated for the adverse effects encountered in 
stage two, such as the higher shear at full scale. In 
most cases, a moderate decrease in fluidity 
occurred with longer hold-up times. However, for 
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those formulations with very high initial fluidity, 
Colflow values increased with hold-up time.  
 
The two optimal formulations indicated in Figure 3 
produced grouts which were free of bleed and 
segregation effects. Interestingly, these 
formulations were at the extremes of GGBS content, 
75% and 55%, while both had w/s 0.5 and 
superplasticiser at 0.3%.  
 
Bleed did not occur for grouts with 55% CEM I, i.e. 
lower GGBS, even with high w/s (0.5) and 
superplasticiser dosage (0.7%). Hence, higher 
proportions of CEM I can offer a useful means of 
controlling bleed while retaining acceptable fluidity.  
  
Significant bleed was only observed for the two 
cases with highest fluidity (Trials 2 and 11). These 
grouts featured the higher values of GGBS (75%) 
and superplasticiser dosage (0.7%). With 
increasing hold-up time, the grouts absorbed more 
water. Bleed was eliminated at a hold-up time of 270 
minutes.  
 
Figure 4. Ratio of density of lower half of specimen 
to upper half for specimens from 100 mL bleed tests. 
 
Figure 4 illustrates the segregation effect. For most 
cases, segregation is also reduced by increasing 
hold-up times, apparent as a reduction in the ratio 
of the lower and upper densities of the bleed 
specimens. This is evident for the formulation at the 
mid-point in the trial array. However, in the case of 
the maximum fluidity grout (Trial 2), segregation 
increased with hold-up time, attributable to 
increased absorption of water and consistent with 
the observed increase in fluidity. 
 
4. CONCLUSIONS 
A short series of full-scale mixing trials have 
demonstrated that suitable high-fluidity grout 
formulations can be produced for demanding 
nuclear encapsulation applications. The 
formulations used standard construction industry 
powders and incorporated a superplasticiser. 
 
The trial array covered a wide range of behaviour, 
including insufficient fluidity at one extreme to 
formation of bleed and segregation at the other. The 
positioning of the array in 3-parameter space 
(%GGBS, w/s, %SP) compensated for adverse 
effects encountered previously, such as the 
fineness of the GGBS powder and the decrease in 
fluidity caused by the higher shear fields at full scale. 
The associated formulations afford scope for 
retaining fluidity with GGBS and CEM I powders 
with different characteristics from other sources.  
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ABSTRACT 
 
Processing of contaminated water in Fukushima Daiichi Power Plant results in various aqueous secondary 
wastes. A significant strontium (90Sr) contamination represents one of the key challenges for their management, 
and we have been developing a new cementing matrix based on calcium aluminate phosphate (CAP) system 
with reduced water content for such aqueous secondary wastes. In the present study, the interaction of CAP 
with SrCl2 was investigated to gain insight into the capability of CAP system in Sr immobilisation. It was found 
that the immobilisation is possible, and the incorporation of Sr appears to be associated with the formation of 
insoluble phosphate salts.  The obtained results also suggest that 1 kg of CAP powders can incorporate 200 
g of Sr under tested condition.
 
1.   INTRODUCTION  
 
One of the most challenging decommissioning 
activities regarding the Tokyo Electric Power 
Company (TEPCO) Fukushima Daiichi Nuclear 
Power Plant is the continuous generation of 
contaminated water. Currently, a partially closed 
water circuit provides the necessary cooling to the 
system (Williams et al., 2015), and water is 
processed through the Advanced Liquid Processing 
System (ALPS) (Grambow et al., 2014). As a result, 
large amounts of contaminated aqueous secondary 
wastes are currently being stored on-site: 6,000 m3 
of slurries in 2,254 units in 2017 (Journeau et al., 
2018). 
  
Among the contaminants, the high concentration of 
strontium (90Sr) resulted in a radioactivity value of 
1017 Bq (Journeau et al., 2018), which represents a 
serious issue in the management of these 
secondary wastes. Incorporation of these wastes is 
challenging, in particular with conventional cement 
matrices based on Portland cement (PC) because 
of the potential hydrogen gas generation and 
associated risks of fire and explosions (Saji, 2014), 
due to the radiolysis of the water contents 
intrinsically present in the conventional cement 
matrices as pore solution and hydration products. 
 
In order to condition these secondary wastes, we 
have been developing a new cement matrix based 
on calcium aluminate phosphate (CAP) system 
(Garcia-Lodeiro et al., 2018). Differing from the 
conventional cements, solidification of CAP system 
is based on acid-base reaction (Sugama et al., 
1992). Since the water content is not crucial once 
the system is mixed, it is possible to reduce its water 
content by curing the system at 60-90oC without 
compromising the integrity of the solid products 
(Garcia-Lodeiro et al., 2018). 
 
To gain further insight into the capability of CAP 
system as a cementing matrix for the aqueous 
secondary wastes contaminated with strontium, the 
present study investigated the interaction of a CAP 
system with dissolved strontium. A CAP simulant 
was mixed with a significant amount of water in 
presence of strontium ions, and the change in the 
concentration of key elements are examined in 
comparison with the system without presence of 
strontium ions.  
 
2.   EXPERIMENTAL 
 
MATERIALS 
Materials used in the present study are based on 
the previous work (Garcia-Lodeiro et al., 2018). The 
CAC (Secar 51, Kerneos) was used as the primary 
precursor of CAP, together with a reagent grade of 
linear metaphosphate ((NaPO3)n 97%, Acros 
Organics) as a source of  polyphosphate (PP). An 
orthophosphate (NaH2PO4.2H2O 99%, Acros 
Organics) was also added as a source of 
monophosphate (MP) which are usually used in 
CAP systems to avoid the rapid setting of CAP 
(Chavda et al., 2014). For the aqueous solutions of 
strontium ions, strontium chloride hexahydrate 
(SrCl2·6H2O, Alfa Aesar, 99+%) was used together 
with distilled water. 
 
METHODS 
Aqueous solutions used for the reactions were 
prepared by dissolving SrCl2·6H2O in distilled water 
at 0.1M. The CAP powders were prepared in dry 
state by hand-mixing Secar 51 (69 wt%), PP (27.6 
wt%) and MP (3.4 wt%), based on the previous 
study  (Garcia-Lodeiro et al., 2018). 
 
0.3 g of premixed CAP powder was added to the 30 
mL of aqueous solution placed in a plastic container 
while stirring at 400 rpm using a magnetic stirrer, 
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and the system was left for reaction at room 
temperature for a designated period of time: 60 
seconds, 1h, 2h, 4h, 8h or 24h. A separate batch 
was prepared for each designated period. For 
comparison, the exact same procedure was 
repeated but using only distilled water without 
adding SrCl2·6H2O.   
 
At the end of designated reaction period, the liquid 
phase (>20 mL) was sampled using a syringe and 
membrane filter (< 0.22 µm). The pH of the liquid 
sample was determined using a Mettler pH/Cond 
bench meter SE S470-K equipped with an expert 
proISM probe (error = ±0.01). The probe was 
calibrated before each measurement using three 
buffer solutions at pH 4.01, 7.0 and 9.21. The liquid 
samples were stored in sealed plastic containers at 
20oC until analysed using Inductively coupled 
plasma - optical emission spectrometry (ICP-OES), 
performed with a Spectro-Ciros Vision Optical 
Emission Spectrometer. The concentration of Sr, Cl, 
P, Na, Al and Ca were determined simultaneously.  
 
 
3.   RESULTS AND DISCUSSION 
 
EVOLUTION OF pH 
The pH data for both the systems studied (with and 
without SrCl2·6H2O) are presented in Figure 1.  
 
 
Figure 1. pH of both systems with and without 
SrCl2·6H2O. 
 
 
After 24 hours of reaction, pH increased in both the 
systems, reaching 10.65 without SrCl2·6H2O and 
6.93 with SrCl2·6H2O. This increase must be related 
to the partial dissolution of the CAC powder. The 
expected pH of Secar 51 in aqueous solution (10 %) 
is 10.5-11 (Kerneos Inc., 2016). The data obtained 
clearly indicates that the pH of the system is lower 
when SrCl2·6H2O was present throughout all the 
studied reaction times.  
 
BEHAVIOUR OF CAP 
As shown in Figure 2, the concentration of calcium 
and aluminium continue increasing when 
SrCl2·6H2O is not present throughout the reaction 
times studied, achieving final concentrations of 630 
mg L-1 and 551 mgL-1, respectively. The higher 
concentration of these ions suggests more 
dissolution of CAC clinker phases and/or relatively 
less precipitation of their solid reaction products. On 
the other hand, after 24h of mixing in presence of 
SrCl2·6H2O, Ca concentration reaches only up to 
75.4 mg*L-1 and that of Al was below detection limit 
(<0.001 mg*L-1), suggesting limited dissolution of 
CAC clinker phases and/or increased formation of 
their solid reaction products.  
 
 
Figure 2. Concentration of Ca and Al in the systems 
with and without SrCl2·6H2O. 
 
It has been reported that the main binding phases 
of CAP are amorphous phosphates (Sugama and 
Carciello 1995, Swift et al. 2013, Chavda et al 2014, 
Garcia-Lodeiro et al. 2018), and this is likely the 
case also for the systems studied in the present 
investigation. As shown in Figure 3, the trend 
observed in the concentration of phosphorus 
coincides with those for calcium and aluminium: the 
concentration of phosphorus becomes much lower 
in the system with SrCl2·6H2O. Therefore, the 
difference between these systems (with or without 
SrCl2·6H2O) in calcium and aluminium ion 
concentration must be caused mainly by the 
formation of reaction products, rather than the 
suppressed or enhanced dissolution of CAC 
clinkers in these systems.  
 
 
Figure 3. Concentration phosphorous in the 
systems with and without SrCl2·6H2O. 
 
Orthophosphate changes its form depending on the 
pH of the aqueous environment (Asadi-Eydivand et 
al., 2014): a significant portion can form H2PO4- at 
pH<7 whereas majority becomes HPO42- at pH>8. 
Therefore, the amorphous phosphate products 
formed in the presence of SrCl2·6H2O could be 
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different from those formed without the presence of 
SrCl2·6H2O, and this may also be contributing to the 
different trends of the calcium and aluminium ion 
concentration between these two systems. Further 
investigation is required to elucidate this aspect. 
 
 
IMMOBILISATION OF STRONTIUM 
The trend observed for strontium ions was similar to 
that for phosphorus as shown in Figure 4, 
suggesting the precipitation of Sr phosphate salts.  
 
 
Figure 4. Phosphorous and strontium concentration 
in the system with SrCl2·6H2O. 
 
Based on the initial (C0) and final (C) concentrations 
of strontium after 24 hours of reaction, the efficiency 
of strontium immobilisation (η %) was estimated 
using Equation 1. 
 
η = [1 −
𝐶
𝐶0
] × 100 (1) 
 
After 24 hours of mixing, the concentration of 
strontium changed from 8780 mg/L to 6820 mg/L, 
which corresponds to η = ~22 % immobilisation.  
This also indicates that 1 kg of CAP powders 
immobilized 200 g of strontium. 
 
 
CONCLUSIONS 
 
The presence of SrCl2·6H2O indicated a significant 
impact to the system. The pH of the solution was 
much lower throughout the reaction times studied 
when SrCl2·6H2O was present. The reduced 
concentrations of calcium, aluminium and 
phosphorus suggest an enhanced precipitation of 
the respective reaction products.   
 
The tested amount of CAP was capable of 
immobilising 22 % of strontium present in the 
system, which corresponds to 1 kg of CAP powders 
immobilising 200 g of strontium.  
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Abstract 
The composition of the cement pore solution reflects the kinetics of hydration process and determine essential 
insight into the rate at which cement phases hydrated. This characterization can therefore provide information 
about the stable and unstable solid phases which may precipitate and dissolve, respectively. Power ultrasound 
(PUS) is currently under consideration to improve the hydration of cementitious materials and to promote the 
effectiveness of replacing supplementary cementitious materials; SCMs, in terms of mechanical, 
microstructural and transport properties. This could enhance the properties of cementitious composites, 
reduce the quantity of waste materials, as well as decreasing the CO2 footprint of cementitious materials. This 
study investigates the effect of direct PUS on the Portland cement pore solution compositions at early hydration 
using inductively coupled plasma-optical emission spectroscopy (ICP-OES) technique. The sonication 
influence is also inspected by microstructure study of the cement paste using scanning electron microscopy 
(SEM). The results shows PUS increases high and low concentration ions in the cement pore solution due to 
the physical and chemical effect of acoustic cavitation, speeding up the hydration process and enhancing the 
Portland cement performance. The SEM micrographs indicates the more volume of compacted solid phases 
of hydration products. 
 
Keywords: Pore solution, Power Ultrasound, Portland cement paste, ICP-OES, Hydration, Sonocrystallization 
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ABSTRACT 
 
Co-processing of industrial wastes can be an effective use of raw materials in cement production and wise 
waste management practice that contributes to a more sustainable cement industry, but may enrich metal 
concentrations in cement products. In this study, air pollution control residues from municipal waste 
combustion (APCR), were used to make co-processed and blended cements. Cement clinkers were prepared 
using untreated APCR, and APCR that was washed to remove soluble salts, as alternative raw materials in a 
laboratory cement kiln. Diffusion-controlled leaching behaviour of metals from monolithic cube specimens 
(15.625 cm3) over a 64d period, as well as batch leaching tests with distilled water, were conducted for hydrated 
cement pastes prepared using the co-processed and blended cement powders after 6 months curing. pH and 
conductivity of the leachates were measured and aliquots of the leachate were analysed for major anions and 
cations, and trace elements using IC, ICP-AES and ICP-MS, respectively.  Leaching, expressed as an 
emission in mg/m2, was metal-dependent; in some cases co-processed pastes showed lower leaching than 
blended pastes, but the reverse was also observed in other cases 
.
 
1.   INTRODUCTION 
 
Three mass % of combusted municipal solid waste 
(MSW) is captured as air pollution control residue 
(APCR), which is considered as hazardous waste in 
many jurisdictions. In the cement industry, APCR 
has been considered as an alternative raw material 
in clinker production (co-processing). This practice, 
however, can increase the concentration of toxic 
and environmentally harmful trace elements in 
cement products, and, therefore, the risk of pollution 
of the soils and groundwater via leaching.  
 
Leachability of metals from hydrated cement can be 
affected by the speciation of the elements of 
concern, e.g., incorporation into cement clinker 
phases, and/or cement hydrates or formation of 
hydroxides and other species, and also by diffusion 
control of leaching [1]. Diffusion is reported to be the 
dominant process controlling the leaching of trace 
elements from high quality monolithic concrete 
under normal exposure conditions [2].  
 
In this study, cement clinkers were prepared using 
untreated APCR from MSW combustion, and the 
same residues after washing to remove soluble 
salts (w-APCR), as alternative raw materials in a 
laboratory cement kiln.  Leachability of cement 
pastes made with these co-processed clinkers was 
compared with that of cement pastes made by 
blending these wastes with Portland cement. 
 
2. EXPERIMENTAL PROCEDURE 
 
Preparation and of cement clinkers with 5 and 35% 
by mass of APCR and 5 and 34% w-APCR in a 
laboratory kiln at 1450oC, and mineralogical 
investigation of these clinkers, is described 
elsewhere [3]. Cement powders were prepared by 
intergrinding the clinkers with gypsum, and used to 
make cement pastes with a water-to-cement ratio of 
0.35. Blended cement pastes incorporating the 
same proportions of APCR and w-APCR were 
made for comparison.  Both types of pastes were 
cast in 25 x 25 x 25 mm cubes, and cured for 6 
months under humid conditions at 22oC before 
assessment of their leachability. 
 
Leaching of inorganic components from the 
monolithic paste specimens under diffusion control 
was examined using the “Tank Test”, which is 
described in [4] and summarised in Figure 1. 100 
mL size polypropylene jars were used as the tank 
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where the paste specimens were hung from the jar 
lids such that they were covered by approximately 
equal amounts of leachant in all directions. The total 
volume of leachant (V) was 75 ml and 18.2 MΩ 
purity water was used as the leachant. After 
specimens were left submerged in the tank for the 
designated number of days to complete each 
leaching period, they were transferred to a new tank 
with an equal volume of leachant, with analysis of 
the leachate from the previous period. 
 
 
Figure 1. Tank leaching test procedure [1]. 
 
48h batch leaching tests of the cement pastes, 
ground to <150 um, with distilled water at a liquid-
to-solid ratio of 10 mL/g dried mass were also 
conducted, as part of the acid neutralisation 
capacity test [5], to determine the steady-state 
concentrations of elements, near equilibrium in 
water. 
 
The pHs and conductivities of the leachates were 
measured immediately, and the leachates were 
then filtered using a 0.45 µm filter membrane. 
Aliquots of the filtrate were analysed for major 
anions by ion chromatography, major cations by 
inductively coupled plasma atomic emission 
spectroscopy, and trace elements by inductively 
coupled plasma mass spectroscopy.  
  
3. RESULTS 
 
Figures 2 and 3 compare the pH and conductivity 
results for the batch leaching tests and the different 
periods of the tank leaching test for the blended and 
clinker cement pastes containing APCR and w-
APCR.  The pH measurements for the “Tank Test” 
leachates were 0.3-1.0 units lower, and the 
conductivities were 3 to 11.5-fold lower, than those 
of the batch test leachates, indicating that the “Tank 
Test” leachates are not at equilibrium.  We can 
therefore be satisfied that a high driving force for 
leaching under diffusion control is being maintained. 
 
The pH values of the “Tank Test” leachates of the 
blended cement pastes from the first three periods 
range from 9.8-11.3 (Figure 2a), possibly indicating 
that the sample surfaces have been carbonated; 
however, lower solution conductivities in these 
periods (Figure 1b) may indicate kinetic limitations 
on dissolution of the paste minerals.  The “Tank Test” 
leachates for the blended cement pastes become 
more alkaline (pH 10.8-11.7) after the first three 
periods and the pH continues to increase slightly to 
64d, as the leaching periods become longer, 
whereas the leachate conductivities (523-4350 
uS/cm) remain approximately constant after the first 
three periods. The marked decrease in the pH and 
the conductivity of the leachate of the control 
sample after 64d is most likely due to carbonation.  
 
Although the concentration of the APCR and w-
APCR in the blended cement pastes does not seem 
to have a systematic impact on the pH of the 
leachates, the leachate conductivities do depend on 
the waste content (Figure 2b).  This is consistent 
with high concentrations of soluble salts in the 
APCR [6], which is diluted in the pastes depending 
on the proportion of waste in the formulation.  The 
variation in the conductivity is less for the pastes 
prepared with w-APCR, which contains much lower 
concentrations of soluble salts (Figure 2b).  The 
leachate of the control sample has the lowest 
conductivity among all the leachates. 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (a) pH and (b) conductivity of the 
leachates from over the 64d period of the tank 
leaching test of the blended cement pastes. Shaded 
regions show the range of pH and conductivity 
measurements from batch leaching tests of the 
blended cement pastes. Missing value for control 
sample at 64d replaced with the value measured at 
100d. 
 
The pH values (pH 11.9-12.3) and the leachate 
conductivities (1700-5600 μS/cm) of the “Tank Test” 
leachates of the clinker cement pastes are generally 
higher than leachates of the blended cement pastes 
(Figure 3a, b). There is less variation in the pH 
values of the clinker cement pastes than the 
blended cement pastes and except the control 
sample, there is a small decrease in the pH values 
(a) 
(b) 
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at 64 d (Figure 3a). The leachate conductivities 
again depend on the waste content, but less 
strongly than for the blended pastes, as much of the 
chloride in the APCR is removed from the clinker by 
volatilisation at the high kiln temperature [3] and the 
leachate conductivity of the clinker cement paste 
control sample is much higher than that of the 
commercial cement used as a control for the 
blended cement pastes. (Figure 3b).   
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (a) pH and (b) conductivity of the 
leachates from over the 64d period of the tank 
leaching test of the clinker cement pastes. Shaded 
regions show the range of pH and conductivity 
measurements from batch leaching tests of clinker 
cement pastes.  
 
The derived cumulative leaching of Cr, Cu, Sb and 
Pb from the blended and clinker cement pastes (i.e., 
corrected to avoid accumulation of measurement 
errors from one period to the next) over time is 
shown in Figure 4, together with their total amounts 
in the specimens, expressed as mg/m2 of specimen 
surface area; calculated cumulative leaching of 
these elements under diffusion control after 64d is 
summarised in Table 1. It may be observed that Cr 
leachability was similar for the lower APCR and w-
APCR additions to both the blended cements 
(Figure 4a) and clinker cements (Figure 4e), but 
higher from the clinker cement than the blended 
cement at the higher APCR and w-APCR additions; 
Sb leachability was higher from the clinker (Figure 
4g) than the blended (Figure 4b) cement pastes at 
both waste concentrations. By contrast, Cu is better 
retained in the clinker pastes (Figure 4b) than in the 
blended pastes (Figure 4f). Both blended and 
clinker cement pastes show similar Pb leachability 
(Figures 4b and 4h). Pb leaching from the 5% APCR 
and w-APCR pastes is similar to that of the control 
sample. 
 
Rather than the straight line with a slope of 0.5 
expected for diffusion-controlled leaching with 
consistent boundary conditions, most of the 
cumulative release cases presented in Figure 4 
have slopes different than 0.5 for at least part of the 
64d.  This indicates the other presence of other 
mechanisms, such as depletion of a component, 
delayed leaching, etc. [4]. 
 
 
 
 
Figure 4. Cumulative release of Cr, Cu, Sb and Pb 
in blended and clinker cement pastes with varying 
proportions of APCR and washed APCR (w-APCR). 
Horizontal lines show the total amounts of Cr, Cu, 
Sb and Pb in the specimens.  
 
 
 
 
 
 
 
 
 
(a) 
    Clinker cement pastes   Blended cement pastes 
 
(b) 
(a) 
(b) 
(c) 
(d) (h) 
(g) 
(f) 
(e) 
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Table 1. Calculated cumulative leaching at 64d (ε64 
(mg/m2)). 
 
Paste 
Type 
APCR   
(5 
wt.%) 
APCR 
(35 
wt.%) 
w-
APCR 
(5 
wt.%) 
w-
APCR 
(34 
wt.%) 
  Cr   
Blend
ed 
0.30* 0.60* 0.3* 0.4* 
Clinke
r 
0.40* 1.40 0.4* 3.5* 
 
    Cu   
Blend
ed 
0.08 0.20* 0.09 0.20 
Clinke
r 
0.03 0.08 0.03 0.03 
 
  Sb   
Blend
ed 
0.06 0.39* 0.09* 0.45 
Clinke
r 
0.19* 1.29* 0.18* 1.60* 
 
  Pb   
Blend
ed 
0.05* 0.17 0.01 0.10* 
Clinke
r 
0.12* 0.18 0.07* 0.07* 
*= Measured cumulative leaching at 64d. 
 
 
3. CONCLUSIONS 
 
The “Tank Test” shows that the co-processed 
cement pastes containing APCR from municipal 
waste combustion are more alkaline and have 
higher conductivity readings than the blended 
cement pastes. Although plotting of the test results 
suggests that diffusion controlled leaching is 
complicated by other mechanisms, the test shows 
that emission of Cr and Sb from pastes made with 
clinker from co-processing of APCR or w-APCR 
may be higher than from pastes made by blending 
APCR or w-APCR with blended cement; the 
opposite effect was observed for Cu, whereas there 
was little difference in the Pb emission from the two 
types of cement pastes. 
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ABSTRACT 
 
Environmental sustainability in construction and infrastructures industry requires to maximize waste reusing, 
leading reduction quarrying, landfill dumping and greenhouse gas emission. Different industrial waste, as e.g. 
fly ash, blast furnace slag, silica fume and others, are currently used as supplementary cementitious material 
for partial clinker or cement replacement, promoting both circular economy and higher concrete durability. 
Nevertheless, considering composition of several industrial waste, both today used and not, as e.g. electric 
arc furnace slag, biomass ashes, ceramic waste, argillaceous or pyroclastic muck, higher clinker Portland 
saving, o cement replacement, could be promoted. This study is pointed to detect the possibility to produce 
cement matching physical and chemical parameters of the current EN standard for common cement, using 
new combination of industrial waste and low clinker Portland content. Although high saving and good 
sustainability, new cements assure pozzolanicity and high strength, especially at 28 days of maturation, in the 
same way to the common blended cements, blast furnace cements and composite cements containing slag 
and pozzolan. 
 
1.   INTRODUCTION 
 
Environmental sustainability needs to increase 
circular economy, through a larger waste reusing. 
This could take place improving refinement of the 
waste and transforming them in byproduct, which 
allows their reusing in new products. In many cases 
new combinations of materials allows to 
compensate specific defects, making the mixing 
suitable to be used. Although transport, due to the 
environment impact and economic costs, should be 
limited, in many cases could be convenient to 
transport them farer from the original source 
allowing new combinations and uses. Suitability for 
a larger range of industrial processes can be 
achieved by eliminating small contaminations, 
through easy treatments that allow to reuse them in 
new industrial processes, or by mixing different 
types of waste in order to prepare a right material 
for new applications. Being clinker Portland and 
cement production responsible for about 7 % of CO2 
emission, replacement of 50% of the amount of 
clinker in cement production, or cement in concrete 
through SCM use, would reduce strongly 
greenhouse gas emissions, as well as a relevant 
part of quarrying and landfill dumping.  This work is 
pointed to promote reusing of waste from different 
sources in binders and concrete industry, for a 
larger cement replacement, thanks to their 
pozzolanicity, or latent hydraulicity, and thanks to 
the improvement of performances allowed by 
means some combinations.  
In accordance to EN 197-1, combinations of 
different supplementary cementitious materials 
(SCM), as blast furnace slag and fly ash, or other 
pozzolanic materials, can be used in the production 
of Composite cement type V. In the same way, other 
materials can be added in lower quantity, up to 5%, 
as filler or secondary component.  Joining of 
different type of waste, as granulated blast furnace 
slag (GBS), electric arc furnace slag (EAF), 
thermally treated clay, ceramic waste, fly ash from 
burning coal, biomass ashes, tunneling waste and 
calcined clay, would allow to perform larger clinker 
Portland saving in cement, or higher Portland 
cement replacement in concrete production. In 
accordance to the international standards, e.g. EN 
and ASTM, blast furnace slag, is commonly used in 
percentage up to 50%, and higher, while electric arc 
furnace slag is not commonly used, because of the 
possible deleterious presence of expansive forms of 
lime (CaO) and Periclase (MgO). 
 
Prevalent focus of this research work is to 
demonstrate the possibility to use electric arc 
furnace slag (EAF), after its composition 
assessment and expansion evaluation, especially in 
combination with other supplementary cementitious 
materials (SCM), as e.g. joining it to granulated blast 
furnace slag (GBS), or pozzolanic materials, as fly 
ash, natural pozzolan, calcined clay, ceramic waste 
or biomass ash. 
2. MATERIALS AND METHODS 
 
This experimentation involves materials from five 
different origins: calcined clay and ceramic waste (3 
samples); burning coal fly ashes from electrical 
power plant (3 samples); ash from biomass power 
plant (3 samples); slag from iron industry (2 
granulated blast furnace slag GBS and 1 electric arc 
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furnace slag EAF); natural pozzolans from volcanic 
origins (3 samples). As shown in table 1, all 
materials were assessed regarding chemical 
composition, including biomass ash, to use as 
secondary component in lower percentage. As 
shown in figure 1, mineralogical composition of EAF 
sample was investigated, in order to detect mineral 
phases suitable to increase cement hardening, as 
well as free lime (CaO) and periclase (MgO) 
contents, which could be able to determine 
dangerous expansion of the cement. All pozzolanic 
materials have been tested regarding strength 
activity index, in accordance to EN 450-1, and 
capability to assure pozzolanicity to the cement, in 
accordance to EN 196-5, if added in percentage of 
25% to the Portland cement, as shown in Figure 2. 
  
Finally, as shown in table 2 and 3, 13 experimental 
blended cements having 50% and 70% of clinker 
Portland replacement were produced in laboratory, 
in order to evaluate mechanical strength in standard 
mortar, stability and pozzolanicity of the cements 
containing electric arc furnace slag (EAF) in 
comparison to the commercialized cements type 
III/A and III/B containing respectively 50% and 70% 
of blast furnace slag (GBS), as well as those of the 
composite  cements type V/A (S-P) and V/B (S-V) 
containing  a mix of blast furnace slag  and natural 
pozzolan, or blast furnace slag and fly ash. Being 
produced in Europe from over 25 years, in 
accordance to EN 197-1, these four blended 
cement are used as reference cement for 
comparison, in addition to the reference Portland 
cement. All tested cements have been produced in 
laboratory, using the same sample of reference 
cement (OPC) type I class 52,5 R, including for the 
mentioned cements type III/A, III/B, V/A (S-P) and 
V/B (S-V), which would be also available in 
commercial way, in order to assure the same 
mineralogical properties and grinding finesses, for a 
right performance comparison. Slag, both GBS and 
EAF type, are grinded at specific surface of 350 
m2/Kg, while all pozzolanic materials are grinded at 
500 m2/Kg. For each type of material, only the 
samples marked in bold in table 1 have been used 
to produce the experimental cements.  Samples 
used are: sample named GBS 1 as Blast furnace 
slag; sample named EAF, which is the only one 
indicated as arc furnace slag; used calcined clay is 
that named C.Clay, obtained from calcination of 
argillaceous waste at 750°C; fly ash is that named  
Fly A. 1; natural pozzolan is that named N.Pozz. 2; 
used biomass ash, as shown in table 2, is that 
named Bio A. 2, which is added to the composite 
cement n. 14 containing EAF slag and calcined clay. 
3. TEST AND OUTCOMES 
 
Chemical elemental assessment by means X-ray 
fluorescence, in accordance to EN 15309:2007, as 
shown in table 1, regarding EAF slag, indicates iron 
content (Fe2O3) of 36,3 %, while total lime (CaO) is 
30,9%, silica (SiO2) is 14,1%, alumina (Al2O3) is 6,6% 
and magnesium (MgO) is 3,8%. Mineral phases 
assessment of the same EAF slag through XRD 
analysis, carried out using TESCAN VEGA 3 
analyser, equipped with detector Bruker QUANTAX 
Compact EDS. As shown in figures 1 regarding the 
range 2Theta between 31° and 51°, evaluation 
indicates a very low CaO and MgO content. 
Considering the glass percentage of about 35% and 
the signal intensity of CaO and MgO phases in XRD 
spectra, in comparison to that of Larnite (Ca2 SiO4), 
Wustite (FeO), Browunmillerite (Ca2 [Al, Fe+3]2 O5) 
and Magnetite (Fe+2, Fe2+3 O4), content of free lime 
and periclase, potentially dangerous, are lower than 
2,5 %, while Larnite content is about 30%. MgO 
content available in periclase form into the EAF slag, 
is usually lower than total detected MgO, due to its 
presence in different mineral phases contained in 
little traces. 
 
Table 1. Materials involved in the experimentation 
 
 
Moreover, regarding the evaluation of stability of the 
EAF slag, in accordance to the EN 196-3 and 197-
1 for materials potentially expansive, Le Chatelier 
pincers test indicates a perfect matching to the limit 
of 10 mm of expansion for a mixture of 70% of 
Portland cement type I and 30% of it. Similarly, as 
shown in table 3, al experimental cements, 
containing EAF or without it, match the limit of 10 
mm. 
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L.O.I. 0,4 0,9 1,7 0,7 6,3 1,6 6,9 6,9 2,3 16,4 9,0 4,8 8,7 5,7 9,4
SiO2 40,2 35,0 14,1 56,6 58,0 68,7 50,1 47,1 51,6 45,2 53,0 57,7 34,1 51,7 26,0
Fe2O3 0,6 0,4 36,3 8,2 4,7 1,2 4,4 5,9 6,9 4,8 5,4 5,0 4,6 3,6 2,7
Mn3O4 0,2 0,3 3,1 0,2 0,1 0,0 0,04 0,05 0,06 0,1 0,1 0,1 0,1 0,1 0,2
TiO2 0,5 0,5 0,5 0,4 0,6 0,6 1,5 1,5 1,2 0,5 0,6 0,4 0,5 0,5 0,3
P2O5 0,0 0,0 0,5 0,0 0,1 0,1 1,4 1,5 1,0 0,1 0,1 0,2 1,8 2,0 1,9
Al2O3 11,2 11,1 6,6 23,4 12,9 17,7 27,5 27,8 25,4 9,9 18,2 17,2 10,1 8,3 6,0
CaO 35,5 42,9 30,9 0,3 11,2 2,8 5,0 5,9 7,0 16,0 4,7 3,3 22,5 15,2 35,0
MgO 10,2 7,8 3,8 2,7 2,3 0,8 1,1 1,5 2,0 3,2 1,5 0,8 3,6 2,3 4,7
SO3 0,3 0,3 0,4 0,5 0,3 0,1 0,4 0,4 0,6 1,1 0,2 0,2 5,0 1,9 7,8
Na2O 0,3 0,3 0,8 2,3 1,3 4,0 0,3 0,4 0,6 0,9 1,6 2,7 1,5 1,1 0,9
K2O 0,5 0,3 0,1 4,7 2,1 2,0 1,2 0,9 1,1 1,9 5,3 7,4 5,6 6,6 5,0
SiO2+Al2O3+
Fe2O3
88,2 75,6 87,7 81,9 80,7 83,9 59,8 76,7 79,9
Reactive 
SiO2
27,6 25,4 39,5 38,1 38,0 37,3 26.1 37 42,1
SAI            
7 days
0,76 0,77 0,81 0,77 0,78 0,77 0,75 0,76 0,78
SAI          
28 days
0,77 0,80 0,98 0,78 0,79 0,79 0,76 0,79 0.82
SAI          
90 days
0,90 0,91 1,06 0,89 0,90 0,89 0,86 0,90 0,92
Pozzolanicity assessment
C. Clay Fly Ash Biomass AshSlag Nat. Pozzolan
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Figure 1. XRD diffractogram of EAF slag and 
mineralogical assessment, for range 2Theta 
between 31° and 51°. 
 
As shown in the second part of table 1, all 
pozzolanic materials match the limits of ASTM C618 
and EN 459-1 for silica, alumina and iron oxide 
content, except sample 1 of natural pozzolan having 
59,8 %, which is not used for experimental cements 
production. In any cases, reactive silica content is 
higher than 25%, while strength activity index, is 
higher than 0,75 at 7 and 28 days and higher than 
0,85 at 90 days, in accordance to EN 450-1. Figure 
2 shows the matching of pozzolanicity parameters, 
as capability to reduce calcium ion concentration, 
for all pozzolanic materials, if added at percentage 
of 25%, after 15 days. Experimental cements 
containing EAF slag, as partial replacement of GBS 
in the cement III/A and III/B, or total replacement in 
the types V/A and V/B, show the substantial 
matching of mechanical strength at   2, 7 and 28 
days, in comparison to same cements without it, as 
well as for volume stability.  Regarding the 
pozzolanicity assessment in accordance to EN 196-
5 of the composite experimental cements containing 
pozzolanic materials in addition to the EAF slag, 
although the meaning of Fratini test for ternary 
cement is questionable, the comparison between 
cement type V containing EAF and fly ash with 
Pozzolanic cement containing 25% of flay ash,  
used by us as reference products and available on 
the market as CEM IV/A (V), indicates a very low 
content of calcium ion concentration since 8 day of 
maturation. Results are shown in figure 3.  As 
displayed in table 3, figure 4 and figure 5, the 
addition of EAF slag to the ternary cements 
produced in laboratory, both at dosage of 25% in 
case of cement replacement of 50% and 35% in 
case of total cement replacement of 70%, shows a 
relevant contribute to the hardening, being strength 
of cement containing it similar or higher to those 
containing GBS. 
 
 
Figure 2. Pozzolanicity assessment of pozzolanic 
materials added to the cement at 25%, after 15 days. 
 
Figure 3. Pozzolanicity assessment of cements 
made using EAF and fly ash, in comparison to the 
pozzolanic cement containing 25% of fly ash.  
 
Table 2. Experimental blended cements 
composition 
 
 
Experimental cement n. 14, containing 5% of 
biomass ash, as partial substitution of the calcined 
clay, and similar composition to the cement n. 13 
which contains calcined clay and EAF slag, shows 
comparable or higher mechanical performance than 
blended cements having the same total percentage 
of clinker Portland replacement, 70% in the specific 
case. Moreover, both cements n. 13 and n. 14 
Mix Composition OPC EAF GBS Fly A. N.Poz. C.Clay Bio A.
% % % % % % %
1 OPC 100
2 OPC + GBS  50 50 50
3 OPC+GBS+Fly A. 50 50 25 35
4 OPC+GBS+N.Poz. 50 50 25 25
5 OPC + GBS + EAF 50 50 25 25
6 OPC+EAF+Fly A. 50 50 25 25
7 OPC+EAF+C.Clay 50 50 25 25
8 OPC + GBS 70 30 70
9 OPC+GBS+Fly A. 70 30 35 35
10 OPC+GBS+N.Poz. 70 30 35 35
11 OPC + GBS + EAF 70 30 35 35
12 OPC+EAF+Fly A. 70 30 35 35
13 OPC+EAF+C.Clay 70 30 35 35
14 OPC+EAF+C.Clay+Bio A. 70 30 35 30 5
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containing calcined clay in addition to the EAF, 
show higher performance in comparison to the other 
pozzolanic materials.  
Table 3. Experimental blended cements 
performance 
 
 
 
Figure 4. Mechanical strength in standard mortar, 
at 7, 14 and 28 days of maturation, of the 
experimental blended cements having 50% clinker 
Portland replacement. 
 
 
Figure 5. Mechanical strength in standard mortar, 
at 7, 14 and 28 days of maturation, of the 
experimental blended cements having 70% clinker 
Portland replacement. 
As shown in figures 4 and figures 5 by the dotted 
and dash lines, at both percentages of cement 
replacement of 50% and 70%, EAF slag assures 
higher mechanical performance in comparison to 
the GBS, if used in combination with pozzolanic 
materials, as fly ash and calcined clay. 
3. CONCLUSION 
 
In conclusion, this research demonstrates the 
possibility to increase circular economy by means 
use of electric arc furnace slag (EAF), in cement and 
concrete industry, after its chemical and physical 
properties assessment, in percentages up to 35%, 
especially in combination with others additional 
supplementary cementitious material having 
pozzolanic properties. Results indicate increasing of 
mechanical performance for a large part of 
combinations if used as partial replacement of blast 
furnace slag (GBS), in the blast furnace cement type 
III, today produced in accordance to EN 197-1, as 
well as for total substitution in the composite cement 
type V. Moreover, addition of biomass ash, in low 
percentage, as secondary components, if well ruled 
considering the amount of dangerous elements, as 
e.g. chlorine, alkali and phosphorus, which could be 
introduced by them in the concrete, as well as final 
concrete exposition and required durability, could 
contribute to the mechanical strength of the 
concrete, allowing in the same time higher 
sustainability, thanks to the reduction of 
environmental impact due to the waste disposal in 
to the landfills. 
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maturation age (days) 2 7 28 mm days
1 OPC 36 47,6 56,7 2 n.d.
2 OPC + GBS  50 15,2 37,9 52,5 3 n.d.
3 OPC+GBS+Fly A. 50 12,6 24,3 38,4 2 8
4 OPC+GBS+N.Poz. 50 11,3 25 38,2 2 8
5 OPC + GBS + EAF 50 17,9 37,2 50,9 4 n.d.
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7 OPC+EAF+C.Clay 50 15,9 28,1 44,6 2 8
8 OPC + GBS 70 14 33,8 51,2 1 n.d.
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12 OPC+EAF+Fly A. 70 11,2 23,4 38,1 2 8
13 OPC+EAF+C.Clay 70 13 23,8 39,5 3 8
14 OPC+EAF+C.Clay+Bio A. 70 13,1 24,7 41,4 2 8
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ABSTRACT 
Stabilization/solidification (S/S) is a low-cost and high-efficiency remediation method for hazardous materials, 
however, conventional cement-based S/S method has environmental constraints and sustainability concerns. 
This study proposes a geopolymer-based approach for the S/S of Zn-contaminated sludge, and accordingly 
elucidates the chemical interactions between geopolymer binders and toxic elements. Thermal and calorimetry 
analyses showed that Zn incorporation significantly delayed the hydration reaction of geopolymers. As results, 
the final setting time of geopolymers postponed from approximately 6 h to 30 h. Quantitative X-ray diffraction 
and 29Si nuclear magnetic resonance analyses further indicated that the addition of Zn resulted in the low 
content as well as poor polymerization of hydrates. Compared to sodium silicate-based activator, potassium 
silicate-based activator had relatively high compatibility with Zn element. During the S/S process, Zn engaged 
in the formation of N/K-A/Z-S-(H) gel, accounting for the low leachability of Zn. For practical application, the 
strong pH buffering capacity of sludge hindered the pH increase. Therefore, sufficient dosage of activator was 
required for ensuring satisfactory solidification and contaminant immobilization of the geopolymer-based S/S 
products. The leachability of Zn in geopolymer-treated samples confirmed with the criterion. This study 
demonstrated that geopolymer can serve as an environmentally compatible material for S/S of contaminated 
sludge.   
 
Keywords: alkali-activated materials; microstructure analysis; precipitate chemistry; green remediation; 
stabilization/solidification. 
 
 
 
 148 
 
39th Cement and Concrete Science Conference       Paper Number 053  
9-10th September 2019 
University of Bath 
 
Effects of Sodium Silicate Proportion on Strength Development 
of Calcined Clay Geopolymer Mortar 
 
A. S. Baturea, M. Khoramia, E. Ganjiana and M. Tyrera  
 a Centre for Research in the Built and Natural Environment, Coventry University, CV1 5FB, UK  
 
ABSTRACT 
Geopolymers are derived from the synthesis of reactive alumino silicate source with alkali metal source to 
produce a binder that has lower carbon footprint compared to the traditional Portland cement. The long-term 
supply of precursors for geopolymers in the UK will be difficult to secure based on the dominant used materials 
– PFA, GGBS and white Metakaolin. Iron rich lateritic clay may offer a good alternative due to its low embodied 
energy and abundance. In this study, seven mixes were designed and tested. The first five mixes were based 
on varying the molar oxide ratios of the mortar mixes by activating the flash calcined lithomarge clay with 
different proportions of 54.5% Na2SiO3 solution. The last two mixes were grouts based on different water to 
geopolymer solid ratios. The important characteristics of the fresh and hardened mortars that were 
investigated based on the relevant standards are: strength development, setting times, UPV and rheological 
properties. The mix that achieved the peak strength of 30 MPa at 28 days cured under sealed 
condition has molar oxide ratios - SiO2/Al2O3, Na2O/Al2O3, Na2O/SiO2 and H2O/Na2O of 4.12, 1, 0.24 and 14.1 
respectively. The results also showed that a more controllable and consistent rheology was achieved 
by increasing the water to geopolymer solid ratio of the grout.   
Keywords: Calcined lithomarge clay, Na2SiO3, geopolymer, mortar, compressive strength  
 
1.   INTRODUCTION 
The concrete industry is exploring and 
implementing broad range of measures that 
continue to improve its sustainability index. 
Development of alternative low-carbon binders 
based on geopolymers is one of the option widely 
recognized in the industry (Flatt, Roussel et al. 
2012). Geopolymers are derived from 
the synthesis of reactive alumino silicate source 
with alkali metal source to produce a binder that has 
similar / superior properties than traditional Portland 
cement. The commonly used precursors are PFA, 
GGBS and white Metakaolin, but their long-term 
supply may be difficult to secure at cost-effective 
price (Geddes, Hayes et al. 2018). 
Calcined clay is presently receiving attention as an 
aluminosilicate source that has the potential of 
extending the application of geopolymers because 
of its global abundance and low embodied energy, 
but its strength performance depends substantially 
on the calcination process, mineralogy of the clay, 
type and proportion of chemical activator etc. 
(Scrivener, John et al. 2016). Until recently, iron rich 
lateritic clay was considered as unsuitable 
precursor for geopolymers due to the reported 
harmful action of some ferrous compounds Fe++ 
that block the development of the geopolymeric 
reaction, the dubious role of iron oxide goethite, 
FeO(OH) reported in the literature, and the limitation 
of some analytical techniques such as Nuclear 
Magnetic Resonance Spectroscopy (NMR) in 
analysing the geopolymeric molecular structures 
due to the large iron content of the lateritic clay 
(Davidovits 2012). 
The binding phase of calcined clay is almost 
exclusively aluminosilicate that forms a highly 
coordinated 3-Dimensional Si-O-Al polymeric 
network through polycondensation reaction typical 
of geopolymer binder (Provis, Fernández-Jiménez 
et al. 2014). According to (Davidovits 2008), the 
binding phase for iron rich calcined clay 
geopolymers is poly ferro sialate (Fe – Si – O – Al). 
Moreover, geopolymer synthesis is reported to be 
very sensitive to the molar oxide ratios of the 
mixture (Flatt, Roussel et al. 2012). Different 
authors have specified molar oxide ratios ranges for 
various application of geopolymers. However, within 
the specified ranges, diverse properties are 
achieved depending largely on the nature and 
proportion of activator and precursor used in the 
mixture, among other things. One of the main draw 
backs to widespread adoption of geopolymers in the 
construction industry is utilization of caustic alkali 
metal source such as NaOH solution due to health 
and safety concerns, as well as necessity for 
elevated temperature curing.   
It is against this backdrop that this paper focuses on 
studying the viability of activating flash calcined 
lithomarge clay with user friendly sodium silicate 
solution, to produce sealed cured geopolymer 
mortar, by determining the appropriate mass and 
molar oxide ratios that produce peak strength 
mortars. The relationship between the water to 
geopolymer solid ratio and the rheological 
properties of the Calcined clay based geopolymer 
mortar was also studied and reported.   
2. Experimental methods 
The Calcined clay used in this study was supplied 
by Banah UK ltd which was processed by flash 
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calcining low purity kaolin clay obtained from the 
altered basalt – lithomarge in Northern Ireland and 
grounded in a ball mill (Mcintosh, Lawther et al. 
2015). The calcined clay marketed as banahmeta 
has 31% reactive silica, specific surface (BET) of 75 
m2g, specific gravity of 2.89 and particle sizes which 
are 50% (d50) and 90% (d90) finer than 5-8 µm and 
16-24 µm respectively. The oxides composition of 
the calcined clay obtained from the XRF is 
presented in table 2.1.  
 
Table 2. 1: Major oxide compositions (wt. %) of 
the calcined clay 
Oxide 
(% by 
weight) 
Si
O2 
Fe2O
3 
Al2
O3 
Ti
O2 
M
g
O 
Ca
O 
L
OI 
Calcine
d clay 
35.1
8 
25.
4 
29.
6 
2.
9 
1.
3 
0.9 < 
2
% 
 
The alkali metal source used in this study was the 
commercially available sodium silicate solution 
produced by Inoxia Ltd, UK that has 54.5% solid 
component. The water glass solution has the 
modulus (SiO2/Na2O molar ratio) of 2.05. The sharp 
sand which is finer than 4.5 mm sieve size and 
larger than 75 µm was used as the fine aggregate 
component of the mortar obtained from a local 
supplier in Coventry. 
The mixing of the various mortar mixes was carried 
out using a 5 Litre Hobart mixer based on the 
procedure specified by BS EN 196 – 1 (EN 2005). 
The mixes were then placed in the 50 mm x 50 mm 
steel cubes moulds and compacted uniformly using 
the vibration table. The samples were then 
demoulded after 24 hrs and cured in a sealed 
condition by wrapping the samples with the cling film 
and stored in a conditioned room (20 ± 2 °C and 
over 50% relative humidity). The sealed curing 
control atmospheric carbonation on the samples, as 
well as avoid lost or gain of moisture. 
Five mortar mixes were designed based on 
absolute volume method. The proportion of the 
sodium silicate solution in the mortar mixes was 
varied, while the two grout mixes have varied water 
to geopolymer solid ratios. The details of the mixes 
are presented in table 2.1.  
Table 2.1: Mortar and grout mixes (kg / m3) 
 
1Mss:M
cc 
Sand 
(kg/m3
) 
Calcine
d clay  
(kg/m3) 
54.5% 
Na2Si
O3 
(kg/m3
) 
Water 
(kg/m3
) 
0.8 1221 330 264 84 
0.9 1221 313 281 84 
1 1221 297 297 84 
1.1 1221 283 311 84 
1.3 1221 264 330 84 
W/S     
0.36 - 293.2 293.2 29 
0.48 - 293.2 293.2 86 
1Mss:Mcc is the mass ratio of sodium silicate 
solution to calcined clay. 
 
3. Results and discussion 
3.1 Effect of sodium silicate solution 
proportions on the density and strength of the 
calcined clay geopolymer mortar 
Figure 3.1 shows the measured density at 7 and 28 
days for the various calcined clay geopolymer 
mortar mixes. The density measured for the peak 
strength sealed cured mortar slightly increased with 
increase in curing age due to the hardening and 
drying of the samples that was characterized by the 
reduction of voids. At 7 and 28 days, the density 
computed was 2122 kg/m3 and 2191 kg/m3 
respectively which can be described as normal 
weight mortar.  
 
Figure 3.1: Density of calcined clay geopolymer 
mortar mixes 
 
The result presented in figure 3.2 shows a rapid 
strength increase between 2 and 7 days, and that 
peak strength at all ages was achieved by the mass 
ratio of 1, which is thought to have sufficient alkali 
modulus and dosage that is required for the reaction. 
Increasing the mass ratio above 1 may have 
precipitated more than the required free Si which 
disrupt the reaction and resulted in the decrease 
strength. This concur with (Liew, YM, Kamarudin et 
al. 2012) that concluded that, a deterioration in 
strength is expected with increasing Na2SiO3 
solution beyond the optimum because of the 
hindering of the geopolymerization reaction through 
the Al–Si phase precipitation that prevent contact 
between the reacting materials and the activating 
solution. On the other hand, the low mass ratio 
below 1 may have yielded insufficient free Si that is 
required to complete the geopolymerization, which 
resulted in the low strength mortar. 
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Figure 3.2: Compressive strength development of 
the calcined clay geopolymer mortar mixes 
 
Moreover, from the molar oxide ratios calculated for 
the mortar mixes presented in table 3.1, it can be 
seen that the mix that achieved the peak strength 
has SiO2/Al2O3 and Na2O/Al2O3 molar ratios of 4.12 
and 1.0 respectively, which correspond to the ideal 
ratios prescribed by (Davidovits 2008). Also, the 
Na2O/SiO2 of 0.24 and H2O/Na2O of 14.10 for the 
highest strength mix are similar to the optimum 
strength composition values obtained by many 
authors, as reported by (Liew, Yun-Ming, Heah et al. 
2016). In summary, the strength achieved by the 
mixes presented in figure 3.2, maximized at an 
optimum and then decreased gradually due to the 
sensitivity of the geopolymer synthesis to variation 
in the molar oxide composition. Consequently, even 
though the molar oxide ratios of all the mixes fall 
within the range specified by (Davidovits 2008), a 
significant difference in strength is observed, which 
stress the need for mix optimization in geopolymers.  
 
Table 3.1: Molar oxide ratios for the mortar mixes 
Mss : 
Mcc  
Na2O/Al2O3 SiO2/Al2O3 
 
Na2O/SiO2 
 
H2O/Na2O 
 
0.8 0.8 3.7 0.22 14.75 
0.9 0.9       3.9 0.23 14.4 
1 1 4.12 0.24 14.10 
1.1 1.1 4.32      0.25 13.87 
1.3 1.25 4.64 0.27 13.58 
 
3.2 Effect of water to geopolymer solid ratio on 
setting times and rheology of the grout 
The rheological properties for the calcined clay 
geopolymer grouts based on mass ratio of 1 and 
water to geopolymer solid ratio of 0.36 and 0.48 
were obtained. A more consistent and controlled 
rheology was achieved by the calcined clay 
geopolymer grout which has water to geopolymer 
solid ratio of 0.48 compared to the 0.36 mix. At the 
shear rate of 40 S-1, the grout shear stress 
measured was 4.20 Pa and a viscosity of 241 PaS. 
At the shear rate of 20 S-1, the grout shear stress 
was 4.01 Pa and the viscosity was 133.4 PaS. The 
measured shear stress of the grout was influenced 
by both the high H2O/Na2O ratio of 14.1 and water 
to geopolymer solid ratio of 0.48. Almost similar 
rheological properties were obtained by (Geddes, 
Hayes et al. 2018) for a flash calcined clay activated 
with potassium silicate solution. The high plastic 
viscosity measured was due to the viscous nature 
of the sodium silicate solution used as the alkali 
metal source for the grout. 
The setting time indicates the early strength 
development of the geopolymer paste for the two 
mixes that were based on calcined clay to sodium 
silicate solution mass ratio of 1. The measured 
setting times were very high for the calcined clay 
based geopolymer pastes compared to what is 
obtainable from traditional Portland cement paste. 
The initial setting time was 7.5 hrs, while the final 
setting time was 8.25 hrs for the mix that has water 
to geopolymer solid ratio of 0.36. Also, increasing 
the water to solid ratio of the geopolymer paste to 
0.48, the initial and final setting times increased to 
10.25 hrs and 11 hrs respectively. This concur with 
(Blackstock, Neill et al. 2017) that reported that, the 
setting process of geopolymers derived from 
calcined lithomarge takes several hours. However, 
a relatively short setting times was achieved by 
(Kwasny, Soutsos et al. 2018) by blending calcined 
clay with GGBS which supply calcium into the 
system, thereby lowering the setting times through 
quick precipitation of C(N)-A-S-H gel. On the other 
hand, the paste hardened and gained sufficient 
strength that, it can be demoulded within 20 hrs 
when cured at room temperature. This hardening 
behaviour is desired for the moulds daily turn-
around especially in precast industries, while the 
delayed setting times may be useful in the 
transportation and handling of the calcined clay 
based geopolymer concrete, especially in 
applications where extended workability is required.       
3.3 Effect of mix proportion on internal 
mechanisms of the calcined clay geopolymer 
mortar 
The UPV values indicate the quality of the internal 
structure of the mortar sample (Khatib 2008). At 7 
and 28 days, the computed UPV values for the peak 
strength mortar were 2.3 Km/s and 2.4 km/s 
respectively. The increase in the computed pulse 
velocities with increase in curing age of the peak 
strength mortar is caused by decrease in the pores 
of the sample due to advancement of the 
geopolymerization reaction. The UPV results 
presented in table 3.2 also showed that at 28 days, 
the values obtained for all the mixes fall within the 
UPV range of 2.2 to 4.5 km/s which is classified as 
good by the UPV test standard. 
 
Table 3.2: UPV results of the mortar mixes 
Mixes 0.8 0.9 1 1.1 Reference 
range 
UPV (km/s) 
at 28 days  
2.6 2.8 2.3 2.5 2.2 – 4.5 
 
The microstructure for the mortar prepared with 
54.5% Na2SiO3 solution to calcined clay mass ratio 
of 0.8 cured under sealed condition for 28 days is 
presented in figure 3.3. The structure reveals a 
densified and packed structure (a), as well as loose 
and discrete geopolymer matrix (b) which may have 
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caused the decreased strength achieved by the mix. 
In other words, the morphology shows precipitation 
of a sponge-like matrix indicated by globular units 
on the surface resulting from the geopolymerization. 
 
Figure 3.3: SEM micrograph for the (Mss:Mcc=0.8) 
mix mortar 
 
The microstructure of the mortar samples prepared 
with 54.5% Na2SiO3 solution to calcined clay mass 
ratio of 1 cured for 28 days under sealed condition 
is presented in figure 3.4. The morphology reveals 
a compact rock mass bulk geopolymer structure (a) 
which may be the cause of the high strength 
achieved by the mix. Also, fine-grained matrix is 
seen on the surface (b) which indicate that the 
geopolymerization reaction of the calcined clay 
takes place on the surface. 
 
Figure 3.4: SEM image for the (Mss:Mcc =1) mix mortar 
4. Conclusion 
Some of the draw backs limiting wide-spread 
adoption of geopolymers in many parts of the world 
are: utilization of aluminosilicate sources that are 
competitively utilized as SCMs, the use of corrosive 
alkali metal sources and elevated temperature 
curing. This study therefore utilized iron rich flash 
calcined clay that has the potential of becoming a 
cost-effective alternative precursor, user friendly 
alkali metal source and sealed curing condition. The 
result shows that geopolymer synthesis of the 
calcined clay mortar is very sensitive to the variation 
in molar oxide ratios. Whereas, all the mixes 
prepared with the 54.5% sodium silicate solution 
have molar ratios which fall within the range 
specified by different authors in the literature, the 
strength obtained maximized at an optimum and 
then decreased subsequently with the variation in 
the molar oxide composition.  
The calcined clay geopolymer grout shows high 
sensitivity to water to geopolymer solid ratio in terms 
of setting times and rheological performance. The 
high setting time achieved by the two grout mixes 
may be useful for applications that require extended 
workability or long-distance haulage of ready-mix 
concrete. On the other hand, the high plastic 
viscosity of the samples due to the viscous nature 
of the sodium silicate solution used in the mixes may 
affect the workability of the calcined clay based 
geopolymers, despite the low shear stress values. 
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ABSTRACT 
 
This paper investigates the effects of the addition of steel and polypropylene fibres on both the mechanical 
properties and the time-dependent flexural performance of Hybrid Fibre Reinforced Concrete (HFRC) beams 
under sustained loading with a focus on the long-term deformations (shrinkage, tensile creep and compressive 
creep). The only variable of this study is the fibre volume fraction; the steel fibre content is 1% and the 
polypropylene fibre contents are 0.1%, 0.15% and 0.2%. A total of four beams were tested over an effective 
span of four meters. Three beams were strengthened internally with hybrid fibres; the remaining beam was 
used as a control specimen without fibre. The experimental results showed that HFRC exhibits better 
mechanical properties compared to the control mix. For long term deformations, HFRC showed lower 
shrinkage and tensile creep than normal reinforced concrete. Measured surface strains were noticeably lower 
in both the tension and the compression zones of the HFRC beams, which ultimately resulted in a lower long-
term deflection. 
 
1.   INTRODUCTION 
 
The increasing demands of shallower and longer 
concrete spans has led to a reduction of flexural 
member stiffness, as a consequence, increased 
deflection. Fortunately, the randomly dispersed 
fibres in concrete (Fibre Reinforced Concrete) are 
useful in accounting for issues such as brittle 
behaviour and crack formation (Banyhussan et al., 
2016); as a result, lower deflection is expected.  
 
Hybrid Fibre Reinforced Concrete (HFRC) 
represents a situation where more than one type of 
fibre is added to concrete in appropriate proportions 
to achieve optimal performance (Banyhussan et al., 
2016). 
 
The most common combinations of fibres that 
provide a positive interaction include (Banthia & 
Gupta, 2004):  
 
Dimension of Hybrid Fibres: the first category of 
fibre is shorter and thinner, enabling it to bridge the 
micro-cracks and, thus, controls the growth of the 
cracks. The other type of fibre is meant to arrest the 
propagation of macro-cracks because of its longer 
length, as shown in Figure 1. 
Function of Hybrid Fibres: the first type of fibre is 
flexible to improve the early stage and fresh 
properties of the concrete, for instance, plastic 
shrinkage. The second fibre is stiffer and stronger to 
improve the mechanical properties of the composite.  
 
 
 
 
 
 
 Figure 1. Fibre bridging (Ivan, 2006) 
 
Hybrids made up of polypropylene fibre, which is 
used to reduce plastic shrinkage cracks together 
with steel fibre which is added to reduce cracking 
width and to improve mechanical properties, had 
shown high levels of positive interaction (Banthia 
and Gupta, 2004). 
 
The time-dependent flexural performance of the 
reinforced concrete members is mostly affected by 
the long term deformations (Scott and Beeby, 2005). 
Due to the clear effects of the addition of steel and 
polypropylene fibres on the long term deformations 
(Chen and Liu, 2005; Sun et al., 2001), the 
shrinkage and creep behaviours of the HFRC were 
studied separately.  
 
The main goal of this paper is to investigate the 
effects of the addition of steel and polypropylene 
fibres on both the mechanical properties and the 
time-dependent deformations of Hybrid Fibre 
Reinforced Concrete (HFRC) beams under 
sustained loading. 
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2. EXPERIMENTAL PROGRAMME 
 
The experimental tests were conducted at the 
George Earle Laboratory in the School of Civil 
Engineering at the University of Leeds, England. 
 
2.1 MATERIALS PROPERTIES 
 
The cement is high strength 52.5N cement. The 
coarse aggregate is a 20 mm maximum size 
quartzite aggregate. The fine aggregate is a 5 mm 
maximum size natural river sand. Due to the 
decreased fibre concrete workability, 
superplasticiser was added to all HFRC mixtures. 
Hooked steel fibre (ST) and fibrillated polypropylene 
fibre (PP) were used, as shown in Figure 2. The 
physical and mechanical properties of the fibres are 
presented in Table 1. The used reinforcement 
rebars have a 500 MPa yielding strength. 
 
 
 
Figure 2. Steel fibre (right) and polypropylene fibre 
(left) 
 
Table 1. Physical and mechanical properties of 
fibres 
 
2.2 EXPERIMENTAL PLAN 
 
A total of four mixes of concrete were examined. 
The control mixture proportions were designed to be 
grade C40/50. The same mix design was used for 
the concrete matrix in all the HFRC mixes. 
Therefore, fibre volume fractions are considered to 
be the only variables. The corresponding fibre 
volume fractions are given in Table 2. 
 
All tests were performed according to British 
Standards. Specimens were casted for every 
mixture to evaluate the short-term 28 days 
mechanical properties and the long-term 
deformations for three months, as given in Table 3. 
 
 
 
 
Table 2. Volume fraction of fibres used in various 
mixes 
 
Mix ST % PP % Name 
1 0 0 Control 
2 1 0.1 
ST1-
PP0.1 
3 1 0.15 
ST1-
PP0.15 
4 1 0.2 
ST1-
PP0.2 
 
 
Table 3. Test standards and specimen sizes 
 
Test 
Form 
type 
# 
Size(mm) 
Flexural bending beam 
1 
150*300*4200 
Flexural strength prism 3 100*100*500 
Compressive strength cube 3 100*100*100 
Splitting tensile strength cylinder 3 150*300 
Compressive creep prism 2 75*75*200 
Tensile creep bobbin 2 75*365 
Shrinkage prism 2 75*75*200 
 
To monitor the long-term deflection, a large-scale 
beam (150 mm depth x 300 mm width x 4200 mm 
length) of each mix was tested under a four-point 
bending test at 28 days and the load sustained for 
three months, as shown in Figures 3. 
 
 
 
 
 
Figure 3. Beam dimensions and reinforcement 
details 
 
To monitor the long-term curvature and the neutral 
axis depth, a group of DEMEC gauges (150 mm) 
were placed on the sides of the beam to measure 
the surface strain on the pure moment zone using a 
hand-held mechanical strain gauge. To monitor the 
long-term mid-span deflection, a Linear Variable 
Differential Transformer (LVDT) was placed under 
the middle of the beams, as shown in Figure 4.  
 
Fibre property Steel 
fibre 
Polypropylene 
fibre 
Length, mm 35 18 
Diameter, mm 0.55 0.05 
Tensile strength, 
Mpa 
1345 165 
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Figure 4. Flexural bending test 
 
To reach the stabilised crack pattern which is the 
stage when all cracks are formed and any further 
loading does not cause more cracks but widens the 
existing ones, all beams were examined under 
sustained loading of 23 kN to produce 200 Mpa 
stress in the tensile reinforcements, which is 
enough to reach the stabilised crack pattern (Soltani 
et al.,  2013). 
 
3. EXPERIMENTAL RESULTS AND 
DECUSSATIONS 
 
The experimental results for the effects of 
polypropylene and steel fibres on the compressive 
strength, splitting tensile strength and flexural 
strength, are summarised in Table 4. 
 
Table 4. Experimental results for HFRC mechanical 
properties 
 
 
The results of the compressive strength test 
indicated that the addition of steel fibre slightly 
enhanced the compressive strength. However, the 
addition of polypropylene fibres revealed a 
negligible effect. The experimental results also 
demonstrated a clear improvement in splitting 
tensile and flexural strengths by 28-46% and 40%-
77% respectively; the strengths tend to increase as 
the fibre content increases.  
 
On the other hand, Figures 5, 6, 7 and 8 show the 
effects of polypropylene and steel fibres on 
shrinkage, compressive creep, tensile creep, and 
long-term deflection. 
 
 
 
Figure 5. Drying shrinkage of HFRC 
 
 
Figure 6. Compressive creep of HFRC 
 
 
 
Figure 7. Tensile creep of HFRC 
 
 
 
Figure 8. Long term deflection of HFRC 
 
The results of the compressive creep tests have 
shown that the addition of steel fibre resulted in a 
minor decrease in the compressive creep. However, 
Specime
n 
Compressiv
e strength 
(MPa) 
Splitting 
tensile 
strength  
(MPa) 
Flexural 
strength 
(MPa) 
Control 51.9 3.9 5.9 
ST1-
PP0.1 
56.3 
(8.48%) 
5 
(28.21%) 
8.3 
(40.68%
) 
ST1-
PP0.15 
56.5 
(8.86%) 
5.3 
(35.9%) 
9.8 
(66.1%) 
ST1-
PP0.2 
56.7 
(9.25%) 
5.7 
(46.15%) 
10.5 
(77.97%
) 
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the addition of polypropylene fibres displayed no 
significant effect. The experimental results also 
proved a clear reduction in shrinkage and tensile 
creep; the long term deformations tend to decrease 
as the fibre content increases. A lower long-term 
deflection was also observed as the fibre content 
increased. 
 
This improvement in both strength performance and 
long term deformations could be a result of 
controlling crack progression, which is highly 
improved by the addition of fibres. The 
discontinuous polypropylene fibres are added to 
eliminate plastic shrinkage cracks by bridging 
across micro-cracks and, therefore, slowing the 
development of macro-cracks. On the other hand, 
the randomly distributed steel fibres are added to 
arrest the propagation of macro-cracks because of 
its longer length and higher strength and, therefore, 
preventing the widening of the cracks. 
 
4. CONCLUSIONS 
 
Four different concrete mixtures were tested to 
evaluate the effects of the addition of steel and 
polypropylene fibres on both the mechanical 
properties and the long term deformations of Hybrid 
Fibre Reinforced Concrete.  
 
The experimental results presented that: 
 
There was a significant enhancement of the splitting 
tensile strength and the flexural strength. The 
strengths tend to increase as the fibre content 
increases. 
The addition of steel fibre slightly improved 
compressive strength. However, an insignificant 
effect was observed after the addition of 
polypropylene fibres. 
There was a considerable decrease in shrinkage 
and tensile creep which tend to decrease as the 
fibre content increases. 
The addition of steel fibre presented a slight 
reduction in compressive creep. However, the 
addition of polypropylene fibres displayed no 
significant effect. 
HFRC beams displayed lower long-term deflection 
than normal reinforced concrete. This could mainly 
be because of the improved tensile creep and 
shrinkage and, thus, lower cracking progression 
within the tensile stresses zone.  
 
Improving the quality of concrete is beneficial for 
structural safety, integrity and durability. The 
addition of steel and polypropylene fibres 
demonstrated a considerable improvement in 
HFRC performance in its both mechanical 
properties and time dependent deformations. 
Therefore, it might increase the possibility of using 
HFRC as a key construction material in future 
structural applications. 
 
However, the enhancement of the deformation 
behaviour of HFRC is not included in EC2, which 
means predicting the long-term deflection of HFRC 
beams using EC2 will be overestimated. Therefore, 
modifications to the EC2 method needs to be 
proposed in future studies. 
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Abstract 
The durability of cementitious materials is closely related to the transport properties of water within the 
materials. Traditional techniques such as gravimetry or permeability testing to measure sorption offer at best 
limited information on the distribution of water within a sample. On the other hand, magnetic resonance imaging 
(MRI) is a very powerful method not only to visualise where water is within a sample, but also, through spin 
relaxation time contrast to provide information on the locally filled pore size distribution. In this study, we use 
1D and 3D SPRITE MRI methods sensitive to short relaxation time to separate and resolve with circa 0.5 mm 
resolution water in gel (nanometre) and capillary (micron) sized pores during repeated wetting and drying 
cycles of 60 mm size samples. The study aims to explore the extent to which time-dependent microstructural 
changes occurring in response to water content changes cause anomalous sorption behaviour. A series of 
water distribution maps will be shown along with preliminary analysis using a new transport model under 
development. 
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Abstract 
 
Moisture transport in cementitious materials is often found to be anomalous deviating from a square root of 
time dependency. Many explanations have been proposed for this anomaly including delayed hydration, 
physical interaction between calcium silicate hydrates (C-S-H) and water and pore blocking amongst others 
[1, 2]. It is now known that cement gel porosity is dynamic that is, it changes both reversibly and irreversibly 
and does so over an extended period, in response to rapidly changing water content [3, 4]. 
 
In this work, water sorption experiments through thin cement paste samples are performed using Gradient At 
the Right angle to the Field (GARField) magnetic resonance profiling. The objective is to disentangle transport 
phenomena from changing pore size distribution phenomena in order to better understand anomalous water 
transport. GARField is an effective spatially resolved method that uses a high, static magnetic field gradient to 
measure short NMR T2 relaxation time components that characterize water in different pore sizes (nanometer) 
in cement gel with high spatial resolution (micron) [5]. The sorption of water in 1-D is measured at different 
depths from the wet surface. The results obtained on a time scale of 7 days show moisture transport into and 
through gel pores and inter-layer spaces. The most significant changes in pore filling and pore size distribution 
occur during the first few hours of rewetting but continue over a few days. The obtained data is explored with 
a new model which considers that the apparent diffusion coefficient is a function of concentration and the 
changing pore size distribution.  
 
 
References: 
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[2]. H.M. Jennings, A. Kumar, G. Sant, Quantitative discrimination of the nano-pore-structure of cement paste 
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pp. 27-36, 2015. 
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gel-pore drying shrinkage in cement pastes, Journal of Cement and Concrete Research, Vol. 86, pp. 12-19, 
2016. 
[4]. C. Zhou, F. Ren, Z. Wang, W. Chen, W. Wang, Why permeability to water is anomalously lower than that 
to many other fluids for cement based materials, Journal of Cement and Concrete Research, Vol. 100, pp. 
373-384, 2017. 
[5]. N. Fischer, R. Haerdtl, P.J. McDonald, Observation of the redistribution of nanoscale water filled porosity 
in cement based materials during wetting, Journal of Cement and Concrete Research, Vol. 68, pp. 148-155, 
2015. 
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Abstract 
 
Time-domain nuclear magnetic resonance (NMR) is a valuable laboratory-based experimental method for 
probing the behaviour of water in cementitious material. The method measures the 1H water nuclear spin 
relaxation rates 𝑇1 and 𝑇2 that are exquisitely sensitive to micro- and nano-structure. Fast-field-cycling NMR 
(FFC-NMR) yields the 𝑇1
−1 relaxation rate as a function of frequency providing yet further detail. 
 
In cement, the relaxation rate response is dominated by the interactions of water with paramagnetic ions such 
as Fe3+ which may be located in the solid or aqueous phases. In order to interpret the experimental results, it 
is necessary to have a model for the water dynamics in the vicinity of the paramagnetic ions. Although several 
models provide good fits to 𝑇1
−1(𝑓) for solid-bound paramagnetic ions (Faux and McDonald (2018); Faux, 
McDonald, and Howlett (2017)), a model describing 𝑇1
−1(𝑓) for aqueous paramagnetic ions is lacking.  We 
seek to overcome this limitation.  
 
Results of molecular dynamics simulations of aqueous ions are presented. Results are shown to inform a 
simplified theoretical model that adequately describes the nano-scale dynamics of water surrounding 
paramagnetic ions.  The model is then used to provide fits to literature experimental data for a range of 
aqueous paramagnetic ions using a small number of parameters. Numerical values of the parameters provide 
insight into the dynamics of the water close to the surrounding ions. The model will contribute to the 
interpretation of FFC-NMR results from cement-like material such as cement paste, plasters and mortar. 
 
 
References 
Faux, D. A., & McDonald, P. J. (2018). A model for the interpretation of nuclear magnetic resonance spin-lattice 
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Abstract 
 
The microstructure of cement hydrates have a nanoscopically semi-crystalline, microscopically amorphous 
structure that has recently been shown to undergo reversible and irreversible changes over a prolonged period 
following “instantaneous” water sorption and desorption [1].  
 
Lattice Boltzmann methods have previously been used to investigate cement permeability [2]. We seek to 
develop new Lattice Boltzmann methodologies that allow us to investigate water dynamics within the Etzold 
model of hydrate microstructures. The Etzold model is a computer-based three dimensional version of the well 
known Feldman and Sereda quasi continuous sheet model.  
 
The Lattice Boltzmann method is implemented, including a Shan-Chen multi-phase and partial bounce back 
multiscale approach, to understand the effect of capillary forces moving hydrate “particles” or “sheets” within 
the hydrate structure. The effect of moving boundaries between hydrate sheets experiencing transient 
pressures is analysed.  
 
The new Lattice Boltzmann methods allow us to investigate structural changes arising from capillary / 
disjoining-pressure forces. Results to illustrate the basic ideas will be presented.  
 
 
 
 
 
 
 
[1] A. M. Gajewicz, E. Gartner, K. Kang, P. J. McDonald, V. Yermakou, A 1H NMR relaxometry investigation 
of gel-pore drying shrinkage in cement pastes, Cem. Concr. Res. 86 (2016) 12-19. 
 
[2] M. Zalzale, P. J. McDonald, K. L. Scrivener, A 3D Lattice Boltzmann effective media study: understanding 
the role of C-S-H and water saturation on the permeability of cement paste, Model. Simul. Mater. Sci. Eng. 21 
(2013) 085016. 
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ABSTRACT 
 
This paper introduces the initial work of PLEXUS project RC3, part of the UKCRIC pump priming project, into 
the effect of carbonation on the performance of concrete under extreme loading.  A 20MPa micro-concrete 
was cast, cured under ideal conditions for 4 days, before being moved to ambient conditions for 24 days. The 
strength and flexure was measured at 28 days, before the concrete underwent accelerated carbonation for 28 
days, at 57% RH and 4% CO2 at 20oC. Following carbonation, there was found to be a 16% increase in 
unconfined compressive strength, 31% increase in confined compressive strength, and an increase in stiffness. 
 
Samples of the same concrete, both carbonated and non-carbonated, will be tested under extreme dynamic 
loading, in order to determine the effect of carbonation on the performance under extreme loading, with 
differences under quasi-static loading having been found. CEM I 40 and CEM II 20 concretes will also be 
investigated under quasi-static and extreme loading in order to investigate the effects of mix design. 
 
Keywords: Split-Hopkinson pressure bar; dynamic loading; concrete; carbonation; extreme loading 
 
 
INTRODUCTION 
 
A large proportion of the UK’s infrastructure budget 
is spent of repair and maintenance of existing 
infrastructure, with over 30% of the total UK 
infrastructure expenditure being repair and 
maintenance (Martin, 2018). Understanding how 
material ageing affects structural performance is 
therefore vital in updating and maintaining safety 
cases and extending infrastructure service life. 
Carbonation is known to lead to changes in phase 
assemblage and porosity, effecting the durability 
and performance of concrete (Šavija and Luković, 
2016). While the effect of carbonation on concrete 
under quasi-static loading is understood, the effect 
of carbonation, and other deterioration/ageing 
processes, on the performance of concrete under 
extreme loading is poorly researched and 
understood, whether the loading be dynamic or 
thermal, or a combination of both. 
 
Carbonation has long been known to increase the 
compressive strength of concrete (Blakely, 1956). 
As carbon dioxide diffuses into the cement matrix, it 
forms carbonic acid in the pore water, which reacts 
with cement phases. The new calcium carbonate 
phases formed are more voluminous than those of 
original reaction products, and so capillary porosity 
is reduced and compressive strength increases. 
The reduction in capillary porosity also reduces the 
rate of further CO2 diffusion into the concrete, with 
a route time law governing the carbonation rate into 
ordinary Portland cement (OPC) concretes.  
 
When OPC is blended with Supplementary 
Cementitious Materials (SCM’s), the hydrate 
phases differ, altering the carbonation process and 
so changing the rate of carbonation, dependent on 
the mix design and exposure (Šavija and Luković, 
2016). When pulverised fly ash (PFA) is used to 
replace the OPC in a cement mix, the pozzolanic 
reaction of the PFA consumes calcium hydroxide, 
or portlandite (CH), reducing the amount available 
for carbonation reactions.  
 
The Split-Hopkinson Pressure Bar test (SPHB), 
applies a high dynamic load (strain rate 102-104 s-1, 
while typical static, or older style dynamic testing 
would apply strain rates of 0.1 s-1)(Davies and 
Hunter, 1963) to a sample through the use of a 
pressurized air hammer on an incident bar, which 
then applies that force to a sample, with the force 
then applied through the sample to a transmission 
bar, and some reflected back to the incident bar. 
The transmission bar is used as the measurement 
of forces and strains within the sample at such high 
strain rates is difficult, whereas measuring the 
resultant compressive waves on the transmission 
and incident bars provides good data for the high 
strain rate response of the sample (Sudheera, 
Rammohan and Pradeep, 2018). This type of 
testing is used to determine the response of 
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materials to extreme loading events, such as 
collision or explosion. 
 
Where uniaxial unconfined compression measures 
the static strength of a material, when loads are 
applied suddenly, the forces will not dissipate 
instantly, and surrounding material will act to 
confine the element, enabling significantly higher 
strain to occur, and where failure is associated with 
ductile behaviour, and material damage, pore 
collapse, and de-bonding of the interfacial transition 
zone (Karinski et al., 2017). As such, uniaxial testing 
can be carried out with a confinement sleeve around 
the sample, in order to mimic the confinement 
conditions a concrete element would be under 
during dynamic loading. While this doesn’t fully 
show the effects of dynamic loading, due to the low 
loading rate, it can provide a more accurate 
representation of the material response under high 
dynamic loading. 
 
 
2. MATERIALS AND METHODS 
 
2.1 Materials 
 
A CEM I 20 MPa concrete was cast into 52mm 
diameter, 100mm length cylindrical moulds, and 
cured for 7 days under ideal conditions of 99 ± 1% 
relative humidity and 20 ± 1˚C, before being moved 
to ambient laboratory conditions and cured for a 
further 21 days. Due to the requirement for ~50mm 
diameter samples for testing, a ‘micro-concrete’ 
graded aggregate was used, from 40µm to 5mm. 
5mm was the maximum aggregate size allowable in 
order to maintain a 10:1 sample to aggregate size 
ratio.  
 
Following curing, ‘fresh’ samples, at 28 days, were 
tested for confined and unconfined compression, 
and tension. Under compression, gauges were 
used to monitor the strain on the sample during 
testing. Accelerated carbonation was also carried 
out on samples for 28 days, with 4 ± 0.5% CO2 
content, and 57 ± 5% RH, in line with the highest 
concentration and humidity that will maintain natural 
carbonation reactions (Leemann and Moro, 2017). 
Following carbonation, the same tests were carried 
out on the samples. Control samples were stored 
under laboratory ambient conditions while 
accelerated carbonation was being carried out, in 
order to distinguish between the effects of further 
ageing compared to accelerated carbonation on the 
samples, relative to those tested fresh after 28 days 
curing. 
 
A low strength concrete was used in order to 
maximise the depth of carbonation within the 
sample, during the timeframe allowable within this 
project. A higher strength concrete would have 
required a longer accelerated carbonation period to 
reach the same carbonation depth. The concrete 
mix design is given in table 1. 
 
Table 1 - CEM I 20 concrete mix design 
Material Mix Quantity (kg/m3) 
Water 225 
Cement 343 
Aggregate 1716 
 
2.2 Methods 
 
Uniaxial compressive strength testing was carried 
out using an RDP Howden Stiff Tester, at a ramp 
rate of 3mm per minute. Where used, confinement 
of samples under compression was carried out at 
5MPa using a Hoak pressure cell confinement 
sleeve, and a compressive ramp rate of 3mm per 
minute. Samples were tested to failure, with the 
sample strain measured throughout. Where strain 
measurements were carried out, during 
compressive and tensile testing, 20mm strain 
gauges were used and attached to the side of the 
cylinders about their mid-point. 
 
For tensile testing, the cylinders were cut such that 
the length was approximately 25mm, and Brazilian 
tensile testing carried out using the same RDP 
Howden Stiff Tester, and a ramp rate of 3mm per 
minute. 
 
 
3.0 RESULTS AND DISCUSSION 
 
3.1 Compressive Strength 
 
Figure 1 shows the unconfined, uniaxial stress 
versus strain curves for the ‘fresh and carbonated 
samples, tested in triplicate until failure. Within the 
initial loading phase, up to strains of 500 x 10-6, the 
carbonated samples showed increased stiffness 
compared to the fresh samples. All carbonated 
samples had a higher failure stress than that of the 
fresh samples, with the carbonated samples having 
a mean failure stress of 26.0 MPa, a 16% increase 
compared to the 22.5 MPa mean failure stress of 
the fresh samples.  
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Figure 1 - Stress vs strain uniaxial compression plot 
for thee carbonated samples (red) and three fresh 
samples (black) 
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 As well as an increase in failure stress, the failure 
mechanism in some of the carbonated samples, for 
unconfined compression, differed from that of the 
fresh samples, showing an increased stiffness and 
more brittle failure, shown in the stress v strain 
curves in figure 1. While all un-reinforced concrete 
in general undergoes brittle failure, characterised by 
sudden failure and a complete loss of strength, 
there is an element of plastic behaviour close to the 
failure point, seen in the reduction of the slope in all 
fresh samples up to failure. Two of the carbonated 
samples however, show a more stiff and brittle 
failure, reaching higher failure stress with 
significantly less overall strain. 
 
In figure 2, the crack direction of a failed carbonated 
cylinder is compared to that of a fresh cylinder, 
where the crack direction is in line with the direction 
of loading, and normal to the face of the cylinder on 
which the stress was applied. In the fresh samples, 
the cracking was in a shear direction, suggesting a 
different and less brittle failure mechanism. The 
difference in stiffness and failure mode is expected 
to be significant when tested under extreme 
dynamic loading, with the force propagation likely to 
be different in materials of different stiffness. 
 
 
 
Figure 1. With figures centred in columns like this 
at different w/s ratio after 7, 14 and 28 days. 
 
 
And Tables like this: 
 
Figure 2. Crack propagation in failed carbonated 
sample (left) and failed ‘fresh’ sample (right) 
 
3.2 Confined Compression 
 
Figure 3 shows the confined and unconfined 
uniaxial compression plots for the ‘fresh’ samples. 
The large difference in strain was clearly visible, 
with an order of magnitude difference between the 
confined and unconfined samples. Of the three 
unconfined tests, the maximum strain was 2.21 x10-
3, while in the confined compression tests, the 
maximum strain was 2.48 x10-2, showing the ability 
of concrete to undergo much higher strain when 
confined. The confinement pressure for these tests 
was 5MPa.  
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Figure 3 – Stress versus strain plot, for uniaxial 
compression of confined and unconfined CEM I 
20MPa cylinders 
 
Carbonated samples were also tested in 
confinement, with figure 4 showing the comparison 
between fresh and carbonated samples. As with 
unconfined compression, the carbonated samples 
once again showed an increase in failure stress, 
having a mean of 87.8 MPa, a 31% increase 
compared to the mean of 67.1 MPa for the fresh 
samples.  
 
Initially, the carbonated samples again showed 
increased stiffness compared to the fresh samples, 
before then undergoing a significant increase in 
deformation before failure, compared to the fresh 
samples. The difference in failure stress and 
maximum strain, as with unconfined testing, means 
that under extreme strain rate loading, the stress 
propagation and failure mechanism between the 
carbonated and non-carbonated samples will be 
different. 
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Figure 4 – Stress versus strain plot, for confined 
uniaxial compression, of carbonated versus ‘fresh’ 
samples. 
 
 
4.0 CONCLUSION 
 
Confined and unconfined compression testing was 
carried out on a CEM I 20 MPa concrete, on both 
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fresh and carbonated samples. The carbonated 
samples, in both tests, were found to have 
increased stiffness. In unconfined compression, 
there was a 16% increase in mean failure stress in 
the carbonated samples compared to the fresh 
samples. In confined compression, the increase in 
mean failure stress was 31%.  
 
As well as an increase in failure stress, in 
unconfined compression, the carbonated samples 
reached lower strain before failure, while in confined 
compression, they reached significantly higher 
strain before failure compared to the fresh samples, 
suggesting different failure mechanisms. 
 
 
5.0 FURTHER WORK 
 
The work presented in this paper is the initial 
investigation of a larger project, investigating the 
effect of carbonation on the performance of 
concrete under extreme loading. For quasi-static 
testing, further work will be carried out to investigate 
the effect of carbonation of different concrete mixes, 
with a CEM I 40 MPa and a CEM II 20 MPa also to 
be investigated. 
 
Carbonated and fresh samples will be taken to 
China for Split-Hopkinson Pressure Bar testing, in 
order to examine the performance of the concrete 
under extreme dynamic loading.  
 
Longer term work will investigate the effect of 
different types of concrete deterioration, as well as 
a combination of extreme thermal and dynamic 
loading, using UKCRIC facilities at the Universities 
of Leeds and Manchester. 
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ABSTRACT 
 
In salt mining, there are numerous applications for building materials, in particular in the implementation of 
backfilling measures and the construction of shaft, drift, and borehole seals. In conjunction with these projects 
or as separate measures, injections are carried out. The materials used must be manufacturable and 
applicable under the circumstances of the mining industry, must not damage the highly soluble rock formations 
and have to guarantee the required properties in the long term. Magnesia binders basically meet these 
requirements. They are made of magnesium oxide or hydroxide and magnesium chloride solution, which react 
to magnesium oxychlorides. 
 
Extensive efforts have been made to develop methods for the systematic optimization of their properties. 
Nowadays, the materials can be tailored to the particular needs by changing the properties of the binder, the 
composition of the mixing solution and by adding fillers, aggregates, and additives. In addition, the plant 
technology was developed in order to be able to produce large quantities of magnesia binders in a suitable 
quality and to transport the mixtures over long distances. Constitutive models describe the development of 
solid material properties and the heat evolution and can be used to demonstrate safety. This way, magnesia 
binders were also qualified for the application in the field of radioactive waste disposal. Examples are their use 
in the Asse II salt mine and the Morsleben radioactive waste repository. 
 
 
BASICS OF THE MATERIAL SYSTEM 
 
The material system of magnesia binders is based 
on the reaction of caustic magnesium oxide powder 
and/or magnesium hydroxide. These binders are 
mixed with concentrated magnesium chloride 
solutions. In this case, the hardening of the mixtures 
results from the crystallization of magnesium 
oxychlorides (MOC). These chemical compounds 
consist of magnesium hydroxide, magnesium 
chloride, and crystal water. Magnesium 
oxychlorides (magnesium chloride hydroxides) are 
named after the molar ratio of their constituents. At 
ambient temperature, the so-called 3-1-8 phase or 
the 5-1-8 phase are formed. Equations (1) and (2) 
illustrate the reactions of magnesium oxide: 
 
3 MgO(s) + MgCl2(aq) + 11 H2Oaq  →  
3 Mg(OH)2 ∙ MgCl2 ∙ 8 H2O (3-1-8 MOC phase) (1) 
5 MgO(s) + MgCl2(aq) + 13 H2Oaq  →  
5 Mg(OH)2 ∙ MgCl2 ∙ 8 H2O (5-1-8 MOC phase) (2) 
 
The metastable 5-1-8 phase is transformed into the 
thermodynamically stable 3-1-8 phase in contact 
with magnesium chloride solutions that occur in 
most salt formations, especially if they contain 
potash salts such as kieseritic hartsalt or carnallitite. 
In addition, high-temperature phases, which contain 
lower amounts of crystal water, are eventually 
converted into the 3-1-8 phase.  
 
The amount of MOC phases depends on the 
amount of binder, the amount and concentration of 
the mixing solution, and the temperature (cf. e.g. 
Hengjing & Guan 2018, Karimi & Monshi 2012, Liu 
2017). These dependencies are used to control the 
properties of the hardened materials. In addition, it 
is possible to optimize the material properties for the 
respective applications by adding reactive and inert 
fillers, aggregates, and additives such as hardening 
accelerators or superplasticizers. Accordingly, with 
regard to the grain size of the mixtures, concrete 
(Sorel concrete), mortar, grouts or fine-grained 
suspensions can be distinguished. Aggregate is 
usually used to lower the binder content and to limit 
the increase in temperature during curing, while 
ensuring flowability due to its low water demand. 
However, the possibility of adding aggregate 
decreases if smaller cavities are to be filled due to 
the requirement of a minimum ratio of the pore size 
or the crack width to the grain size. Accordingly, 
injection materials (grouts) are characterized by 
fine-grained particles and relatively high contents of 
mixing solution in order to guarantee a sufficient 
flowability. 
Characteristic of the materials is the high viscosity 
of the mixing solution and, consequently, of the 
carrier liquid of the suspensions, a relatively high 
reaction heat of the binder system, and the solubility 
of the MOC phases in solutions with low magnesium 
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chloride content. This solubility is unproblematic 
when the materials are used in salt and in particular 
in potash mines, where highly saline solutions with 
magnesium chloride contents corresponding to the 
saturation with bischofite, carnallite, kainite, or 
polyhalite can occur. In this environment, the use of 
magnesia binder is advantageous, because the 
magnesium chloride solutions limit or avoid rock 
damages caused by dissolution or recrystallization 
processes. In a mineralogical and chemical sense, 
Magnesia binders are compatible with the host rock. 
 
Additional advantages are the volume expansion 
during hardening or the development of a swelling 
pressure when the materials cannot expand. These 
processes improve the bonding to the salt rocks 
which is basically excellent. Magnesia binders can 
attain a high strength and stiffness. The 
development of the material properties can be 
mathematically described in dependence of the 
hardening time (equivalent age) and the heat 
development on the basis of constitutive models, as 
they are also used to predict the behavior of 
materials containing cement according to EN 197. 
Magnesia binders react with carbonate species. 
This carbonation opens up additional applications 
for this interesting type of building material. More 
information on magnesia binder can be found in 
literature. An overview of the material behavior and 
possible fields of application are given for example 
in Walling & Provis (2016). 
 
FIELDS OF APPLICATION AND MATERIAL 
OPTIMIZATION 
 
Originally, magnesia binders were used in the salt 
mining industry primarily as a component of drift and 
borehole seals. For the backfilling of large mine 
cavities salt, such as residues of the potash salt 
processing, was used. The reasons for this 
approach were the quality variations in the raw 
materials, which made the production of larger 
quantities difficult, and, in addition to cost aspects, 
the relatively short workability time (pot life) of the 
magnesia binder. In salt mines, the ambient 
temperatures are often unusually high. For this 
reason, the significant decrease in workability time 
with increasing temperature limited the applications 
of magnesia binders. In the meantime, however, 
extensive improvements in material quality and 
homogeneity have been achieved in coordination 
with the producers. In addition, the optimization of 
the formulations and the quality assurance 
measures as well as the considerable increase in 
the knowledge about the material behavior led to a 
considerable extension of the application spectrum 
of magnesia binder. So today, the manufacturability 
with standard equipment of the building material 
technology is guaranteed and extremely large 
pumping lengths are feasible. 
 
Backfilling of cavities 
 
Contrary to salt backfill that compacts over long time 
periods, magnesia binders can achieve high 
stabilization effects in the short term. This is of 
particular importance when high degrees of 
excavation have led to damage of the host rock. 
Such situations are present in some areas of the 
Asse II mine as a result of intensive rock salt and 
potash extraction. Consequently, according to the 
current state, more than 350,000 m³ of cavities have 
been backfilled with Sorel concrete. The basic 
formulation used is described in Table 1. According 
to the ratio of the magnesium content of the binder 
to the Mg content of the mixing solution, the 
concrete is a 3-1-8 formulation. 
 
Table 1. Composition of Sorel concrete A1. 
MgS/Mgaq. ratio = 3.0 – 3.5. 
 
Components  [wt.-%] [kg/m³] 
Magnesium oxide  11.3 218 
Crushed salt (dry) 63.7 1,237 
MgCl2 solution 25.0 485 
 
According to the composition of the 3-1-8 phase, 
1 kg of MgO can bind around 2.4 kg solution (cf. Eq. 
(1)). In comparison, 1 kg of Portland cement clinker 
has only a binding capacity of 0.25 kg of water. 
These values illustrate that the amount of solution 
decreases sharply during hardening, and most 
magnesia binders are characterized by a low pore 
space saturation. The pores are mainly filled with 
gas, and the hardened materials can compact when 
compressive loads occur. Due to this fact, a 
requirement to limit the volume compaction of the 
backfill material has been defined. However, recipe 
varieties that have higher porosities and thus a 
higher compaction capacity can be used in 
individual areas of the salt mine as a so-called 
residual cavity filling. 
 
As a result of the compaction of the salt backfill, 
which occurs mainly due to its own weight, cavities 
occurred at the roof of the Asse II mine chambers. 
In order to limit the convergence of the host rock, 
these roof clefts have also been backfilled with Sorel 
concrete. 
 
Drift seal construction including rock grouting 
 
Another essential element of the backfilling and 
sealing concept of the Asse II salt mine are drift 
seals (“flow barriers”). Their basic construction 
concept consists of a core seal fixed by abutments 
and supporting backfill on both sides. The higher-
permeable excavation damaged zones (EDZs), 
which form in all types of rock as a consequence of 
the excavation of cavities, are removed as far as 
possible with boom-mounted cutting heads. To 
impede fluid flow, the construction material has to 
have a low permeability and a good bonding to the 
host rock. In order to achieve short-term pressure 
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build-up at the drift contours, the concrete has to 
have sufficient mechanical strength and stiffness. 
Similar to the backfilling material, it has to be at least 
constant in volume. So far, 32 flow barriers have 
been installed. According to the current plan, 21 
flow barriers still need to be constructed.  
 
Current planning deals with the construction of a 
drift seal made of magnesia binder in the Morsleben 
repository for radioactive waste. Due to the 
extensive and positive experience gained during the 
construction of flow barriers in the Asse II mine, it 
was decided to realize a similar design in the 
Morsleben repository. Nevertheless, adjustments 
are required, because the structure in Morsleben is 
to be built in anhydrite rock, which converges in 
much slower than rock salt. 
 
Due to the fact that crack systems in the host rock 
may reduce the flow resistance of seals, injections 
are an integral part of many closure concepts. To 
achieve a high degree of filling and thus sealing, 
injection materials with decreasing particle sizes 
should be used with decreasing crack width. 
Moreover, finer materials should have a lower 
viscosity as a result of the frictional forces during the 
flow process. This results in an increase in the 
amount of mixing solution and/or the use of 
superplasticizers. In accordance with these 
principles, a series of injection materials has been 
developed. Table 2 shows the composition of an 
ultrafine mixture. The solids are supplied as a 
premix. 
 
Table 2. Composition of sealing material MFBBa-
17/3/30. 
 
Components [wt.%] [kg/m³] 
Magnesium oxide 17.0 334 
Magnesium 
hydroxide 
3.0 59 
Barite 30.0 589 
MgCl2 solution  50.0 981 
 
With regard to the implementation of injections, a 
great advantage of magnesia binders is that these 
materials can be used in connection with water 
glasses (sodium silicate solutions) and with the 
newly developed material group of the water glass-
magnesium oxide mixtures. 
 
Borehole seals 
 
Because of their long lengths, boreholes could 
connect cracks or dilatant rock zones in the host 
rock and could act as flow paths that are bypassing 
seals. As a result, their sealing is of particular 
importance. To meet the requirements, numerous 
recipes have been developed and tested. A proven 
recipe is described in Table 3. Figure 1 shows the 
mixture and Figure 2 shows the related quality 
assurance measures. 
 
Table 3. Composition of the sealing material IM-
Asse-1. MgS/Mgaq. ratio = 3.2 – 3.5. IM is the 
abbreviation for the German word “Injektionsmörtel” 
(injection grout). 
Components [wt.%] [kg/m³] 
Magnesium oxide 17.4 322 
Crushed salt 44.6 826 
MgCl2 solution  38.0 704 
 
 
 
Figure 1. Sealing material IM-Asse-1 in a storage 
tank with agitator. 
 
 
 
Figure 2. Quality assurance measures of borehole 
sealing materials. 
 
However, due to the type of magnesium oxide used, 
large volume boreholes cannot be sealed with this 
recipe. Consequently, a new recipe was developed 
based on established injection material (Table 4, 
Figure 3). The pot life was increased significantly by 
changing the type of the magnesium oxide binder 
and by optimizing its calcination process in 
consultation with the producer. The second part of 
the work focused on the adaptation of the material 
properties by adjusting the proportions of the 
components. Table 3 shows the composition of the 
resulting recipe. After a sealing measure, which was 
successfully carried out in the Gorleben salt mine, it 
was decided to use this mixture for sealing 
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boreholes in the Asse II salt mine. For a first sealing 
measure at this site, the material was mixed above 
ground and transported in tanks to the job site on 
the 700-m-level. This procedure was a first for high-
quality magnesia binders. 
 
Table 4. Composition of the sealing material ETO-I. 
 
Components [wt.%] [kg/m³] 
Magnesium oxide 23.0 488 
Crushed salt 15.0 318 
Barite 25.0 531 
MgCl2 solution  37.0 786 
 
 
 
Figure 3. Sealing material ETO-I flowing into the 
tank of the filling pump. 
 
The workability time of magnesia binder is 
significantly reduced with increasing temperature. 
This situation may require special measures, such 
as modifications of the recipe, of the mixing 
technique or a cooling of the raw materials and/or 
the material mixture. However, cooling of magnesia 
binders has not been state-of-the-art. For this 
reason, different approaches were examined and 
evaluated. It was decided to cool the raw materials 
down to a temperature below zero degrees Celsius 
due to the fact that no solid salt precipitate at this 
temperature in highly concentrated magnesium 
chloride solutions. The decrease in fluidity is limited 
and is caused by the increase in viscosity of the 
mixing solution, but not by an increase in the solids 
content. 
 
Additional applications 
 
Organic substances can degrade. Products of this 
process are carbon dioxide, HCO3–, and CO32–. In a 
repository, these phases could increase the 
concentration of dissolved radionuclides, for 
example, as a result of an increase in the pH value. 
It has long been known of magnesia binders that 
their binder and their reaction products carbonate 
relatively quickly. This property is used to fix the 
carbonate phases and consequently to reduce the 
mobility of radionuclides. This way, magnesia 
binder can be used to ensure a favorable chemical 
environment in repositories. 
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ABSTRACT  
  
A novel carbon capture and conversion process is under investigation by the authors. In this process, flue gas 
CO2 is dissolved into slightly alkaline water that, faced against brines from connate formation waters, produced 
waters, and waters from a range of industrial processes, selectively precipitates Ca and other ions into high 
purity carbonate minerals that have useful properties and commercial value. The effect of experimental 
parameters such as  additives  like  magnesium  ions,  concentration,  pH, temperature, CO32-/Ca2+ molar ratio, 
configuration of the feed, mixing mode and contact time on the crystal size, polymorphism and morphology of 
CaCO3  is well-known. The authors chart  new  ground  in  their  investigation  of  the  impact  that  the  
aforementioned variables  have  on  polymorphism.  A  literature  search  was  to  identify  studies  related  to  
the  synthesis  of different polymorphs of CaCO3  was combined with network analysis to rank the publications 
using network centrality measures, to create a dataset for further statistical analysis. Betweenness centrality 
was the metric adopted to prioritize the inclusion of information in the dataset. The raw dataset comprised of 
37 attributes and a total of 591 experiments. The scope of the study has been limited to the spontaneous 
precipitation method and the synthesis of single form amorphous  calcium  carbonate  (ACC),  calcite,  
monohydrocalcite  (MHC)  and  its  mixtures.  This was experimentally investigated, and the results from 
synthesis of MHC reported herein provide first confirmation of viability of the approach  
 
  
1. INTRODUCTION  
The crystallization of calcium carbonate (CaCO3) 
polymorphs from the reaction between calcium and 
carbonate ions has been much studied. Despite the 
apparent simplicity of this reaction, the 
simultaneous and rapid occurrence of nucleation, 
crystal growth and other processes such as 
agglomeration during precipitation remains a 
challenge for control of the final properties of the 
solid, including polymorphism, in an industrial 
process still remains difficult. Interest in CaCO3 
research traverses many disciplines; CaCO3 has 
many interesting characteristics that make it 
suitable for a broad range of applications. The effect 
of experimental parameters such as impurity ions 
like magnesium ion, or concentration, pH, 
temperature, CO32-/Ca2+ molar ratio, configuration 
of the feed, mixing mode and contact time on the 
crystal size, polymorphism and morphology of 
CaCO3 is wellknown but has not been quantified. 
Typically, a researcher would select subsets of 
experimental conditions from the variables that are 
known to affect more the outcome and then carry 
out further experimentation in the laboratory to 
verify some hypothesis. This decision is mainly 
based on literature searchers conducted by the 
researcher and his or her previous professional 
experience.   
A decision tree (DT) is a supervised learning 
algorithm used in data mining to classify cases into 
categories. DTs are able to solve a wide array of 
classification problems in many different fields such 
as pharmaceutical manufacturing process (Gams et 
al. 2014), modelling building energy demand (Yu et 
al. 2010), weather forecast (Sá et al. 2016), 
diagnosis of diseases (Karegowda, Manjunath, and 
Jayaram 2010), detection of forest fires (Stojanova 
et al. 2006), agriculture (Cunningham and Holmes 
1991), finance (Olson, Delen, and Meng 2012), 
computer vision and many more (Ali et al. 2012). A 
network analysis uses graph theory concepts to 
unravel relationships (links) between researchers or 
papers (nodes) within a field (network). In this 
context, the role of a paper within the network is 
determined using centrality measurements such as 
betweenness centrality, closeness centrality and 
degree centrality; and its importance acquires a 
multidimensional view, having different meanings 
based on the chosen metric.  
In the present work, an alternative approach for the 
determination of an optimal set of experimental 
conditions during precipitation analysis was 
developed. Initially, relevant research papers in the 
field of the precipitation of calcium carbonate were 
compiled using network analysis. Betweenness 
centrality was the metric adopted to prioritize the 
inclusion of information in the dataset. After 
selecting publications, their experimental conditions 
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were compiled and analysed using 
decisionmodelling techniques. The idea was to 
describe under which experimental conditions a 
researcher is more likely to find a particular 
polymorph after the reactive crystallization process. 
Furthermore, the DT was as well used to indicate 
which of those parameters are more relevant for the 
classification, and therefore able to play a greater 
role during precipitation. Then, the If-Then decision 
rules obtained from several DT algorithms were 
applied to assist precipitation in the laboratory.  
  
2. METHODOLOGY  
The methodology consisted of three distinctive 
stages. Initially, a set of experiments were compiled 
from Scopus scientific database to form a raw 
dataset. This literature dataset was then statistically 
processed to extract an optimum array of 
experimental conditions for further study. The 
identification of rules from the data was done using 
a decision tree learner. The 4 major stages in the 
modelling process of a decision tree were data 
collection, data preparation, model construction and 
evaluation. Finally, scoping experiments were 
performed using an optimal set of experimental 
conditions highlighted by the statistical models.  
Literature search and data collection was 
conducted in February, 2019 and focused on 
empirical studies where several polymorphs of 
CaCO3 were synthesized. This information was 
processed using bibliographic data analysis 
techniques to create a document co-citation matrix 
that in the case of MHC consisted of 11,961 papers. 
Sci2 Tool and Gephi were the software chosen for 
the bibliographic mapping study. Then, network 
centrality measures were calculated to rank those 
papers in importance. The initial experimental 
conditions and main results from papers with the 
highest betweenness centrality were stored in the 
dataset. Some examples of papers with high 
betweenness centrality included (Kimura and Koga 
2011; Loste et al. 2003; Nishiyama, Munemoto, and 
Fukushi 2013). In this way, the total collected 
number of experiments was 591. Time constrains 
did not allow for the inclusion of a bigger dataset. 
These experiments were limited to the synthesis of 
ACC, calcite, MHC and its mixtures. The dataset 
contained 37 different attributes. The variables 
represented general characteristics of the final 
precipitate such as the identity of the polymorph, its 
molecular water content, its polymorphic 
abundance (%), the CaCO3 precipitated yield (%), 
the amount of Mg (molar %) contained in the first 
phase and the mean particle size (nm). Additionally, 
the occurrence and non-occurrence of calcite, ACC, 
MHC and the presence and absence of mixtures 
were recorded as categorical variables. System 
attributes included the type of reactants, their initial 
molar concentrations, solution volumes and molar 
ratios, the type of synthetic route, reaction 
temperature, initial and final pH, sampling location, 
contact time (min), stirring speed (rpm), reactant 
order of addition, the mixing mode and the reactant 
rate of addition (ml/min).   
Dataset preprocessing steps such as cleaning, data 
transformation, attribute selection and data 
exploration were used to analyse the initial dataset 
and prepare it for the subsequent modelling. The 
available dataset were split randomly in two groups 
named training/validation set and test set. Data 
exploration was performed over the training set. 
The training set was also used by the learning 
scheme to build the classifier, the validation set was 
used for parameter optimization and to compare 
and select the best classifier. However, the final true 
model performance was assessed using only the 
test set, which was set aside from the beginner of 
the modelling process. The training set was 
balanced (same proportion of each class) and the 
test set also had each class well represented. In the 
model construction the following algorithms were 
applied and compared: J48 pruned, AdaBoost, 
bagging, Random Forest, OneR and ZeroR. 
Pruning optimization, ensemble learning, cost 
sensitive evaluation of a binary classifier and 
attribute selection meta-learners were some of the 
strategies used in this work to improve the decision 
tree classification performance. Waikato analysis 
for knowledge environment (Weka version 3.8.1) 
was used as data mining software to assist the 
model construction and evaluation process (Hall et 
al. 2009). The performance of the studied classifiers 
was calculated using both Acc (accuracy or percent 
of correctly classified instances) and AUC (Area 
under the ROC curve) as a combined measure of 
the overall quality (Canada and Nadeau 2001; 
Kuncheva, del Rio Vilas, and Rodríguez 2007). 
Differences in AUC and Acc among classifiers were 
determined using stratified 10x10-fold cross 
validation in the Weka Experimenter and the 
corrected paired t-test statistic with 95% confidence 
level (two tailed). This corresponded to a total of 100 
experimental runs per dataset and classifier. Finally, 
a decision list was extracted from the decision trees 
and interpreted in the context of a precipitation 
experiment. The synthesis of ACC took place in 
took place in a 2 L borosilicate glass reactor at a 
fixed temperature of 19 °C. The carbonate solution 
(1 M, 0.8 L, pH = 9.1) was prepared using a sodium 
carbonate/bicarbonate mixture with a molar ratio 
CO32-:HCO3- of 1:4 (20 % CO32-). The salt solution 
(0.582 M, 0.8 L, pH = 8.2) was prepared using a 
MgCl2ˑ6H2O (0.4 M) and CaCl2 (0.182 M) mixture. 
The pH of the salt solution was raised using NaOH 
(1M) up to 9.1. Both, carbonate and salt solutions 
were simultaneously added to the reactor at a 
constant rate. Vigorous stirring was provided during 
the duration of the run. After a contact time of 10 
min, the solids from the reactive suspension were 
quenched by vacuum filtration and washed with 
acetone several times. Then, they were 
immediately dried overnight in an oven at 25 °C. 
The product was stored in an air-tight container and 
kept in the desiccator until further analysis. 
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Characterization involved pH measurements with a 
Hanna Checker pH meter, polymorph identification 
using an X-ray diffractometer (XRD) and analysis 
the chemical composition of the precipitate with a 
PerkinElmer FT-IR spectrometer Spectrum TwoTM.   
  
3. RESULTS & DISCUSSION  
In the synthesis of ACC, the composition of the 
reactant solutions corresponded to the following 
molar ratios: CO3/Ca = 5.5, CO3/Mg = 2.5, Mg/Ca = 
2.2, Mg content = 68.75%. The initial pH of both 
reactants was 9.1. At the end of the run, the pH of 
the suspension was 7.5. The filtered and dried solid 
appeared thick and gelatinous, suggesting 
amorphous phase (Sarkar and Mahapatra 2010). 
Under the given conditions and based on the 
decision tree model (not shown), the precipitation of 
ACC was expected and the occurrence of mixtures 
should not occur. Band assignment of ACC is 
described in Table 1. The strong absorption band 
around 30004000 cm-1 in Figure 1 corresponds to 
OH stretching   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 IR spectrum of ACC precipitate and calcite   
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vibration of hydrated water and it is characteristic in 
ACC, as opposite to the anhydrous forms that do 
not show this broad band (Brecevic and Nielsen 
1989; Koga and Yamane 2008). The sharper band 
at 1650 cm-1 (O-H bending) corresponds as well to 
the structural water within ACC (Rodriguez-blanco, 
Shaw, and Benning 2011). Figure 1 also shows two 
carbonate absorption bands around 1450 cm-1. This 
is a sign of asymmetry around the carbonates and 
is exclusive of ACC, MHC and vaterite (Addadi, Raz, 
and Weiner 2003). The peak at 712 cm-1 is broad, 
indicating no presence of calcite or aragonite. 
However, the symmetric stretch absorption around 
1080 cm-1 is not present and instead there is a split 
peak at 1202 and 1141 cm-1 that remains 
unassigned. Some authors (Shen et al. 2006) 
observed a blue shift of the typical ѵ1 absorption 
band of ACC (Table 1) and attributed to the 
dissolution of ACC particles. It was also reported 
that a peak at 1236 cm-1 in the IR spectra of ACC is 
likely due to the stretching vibrations of CO32- in 
vaterite (Koga and Yamane 2008). The ACC peaks 
in the carbonate region are sharper than the 
corresponding peaks in more stable ACC (Addadi, 
Raz, and Weiner 2003), which could suggest less 
amorphousness and a transient stage rather than a 
stable ACC. The four characteristic peaks in the IR 
spectra of calcite are 711.6, 870.5, 1393 and 1796 
cm-1. The peaks are very sharp characteristic of 
crystalline polymorphs and the spectrum is included 
for comparison purposes.  
  
Table 1 IR absorption characteristic peaks of 
carbonate ions in  
ACC  
Characteristic 
Peaks   
Description  Ref.  
Broad peak at 
1080, 1088 cm-1  
Symmetric 
stretch  in non-
centrosymmetric 
structures (ѵ1)  
(Addadi, Raz, 
and Weiner 
2003)   
1420 and 1474 
cm-1   
1384 and 1472 
cm-1  
Split peak of the 
asymmetric stretch 
of CO3- (ѵ3)  
(Addadi, Raz, 
and Weiner 
2003)   
(Shen et al.  
2006)   
Broad 
absorption at 
866, 863, 860 
cm-1  
CO3- out-of-plane 
bending (ѵ2)  
(Addadi, Raz, 
and Weiner  
2003; Shen 
et al. 2006)  
(Konrad et al. 
2018)  
Very broad 
absorption at 
713 cm-1  
CO3- in-plane 
bending (ѵ4)  
(Addadi, Raz, 
and Weiner  
2003)   
  
The sample appears to be non-crystalline by X-
ray powder diffraction (Figure 2). No 
distinguished reflections characteristics of a 
crystalline CaCO3 are observed. This is the 
typical XRD pattern of ACC described elsewhere 
(Blue et al. 2017; Koga and Yamane 2008; Shen 
et al. 2006). Results seems to suggest that 
amorphous calcium carbonate was synthesized 
with small vaterite impurities, indicating a non-
stable state of the ACC product. The product was 
then transformed into MHC following a multistage 
synthesis route.  
  
  
Figure 2 XRD spectrum of synthetic ACC.  
  
4. CONCLUSIONS  
A successful classification model was created 
using data from scientific publications. A number 
of if-then decision rules were created covering 
the occurrence and non-occurrence of several 
CaCO3 forms (MHC, ACC, Calcite and mixtures). 
The decision rules were used to evaluate a 
scoping experiment aimed at the synthesis of  
amorphous CaCO3 and MHC. Initial trials were  
successful in terms of product yield and purity. 
Wellperforming algorithms were used in this 
study, however the inclusion of more data in the 
training set is expected to lead to even better 
results.  
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ABSTRACT  
A new precipitated calcium carbonate Portland cement additive (PCC-A), has shown interesting results in 
preliminary rheology tests, namely its changing resistance to shear stress of the cement paste as PCC-A grain 
size is varied. When very fine particles (<1 µm) are blended with Portland cement, the workability - the 
resistance of the cement paste to shear stress - displays an inverse trend to that of Portland-limestone cements 
whereas the workability of particles in the range between 1-10 µm is comparable in workability to Portland-
limestone cement at high water-cement ratios (w/c) and becomes less workable than PLC at lower w/c. This 
study aims to determine the rheological behaviour of PCC-A blended Portland cements with two PCC-A grain 
sizes & varied water/cement ratios and to determine the reasons for the observed difference in rheological 
behaviour of PCC-A & limestone blended Portland cements. Rheological properties are tested using a 
rotational rheometer with a concentric cone spindle to induce shear in hydrated cement paste samples 
containing varying amounts of PCC-A, grain sizes and water-cement ratios. The results show that the optimum 
PCC-A content to achieve the greatest level of workability is 5% for nano-PCC and 15% formicro-PCC. 
 
 
1. INTRODUCTION  
The rheological properties of fresh cement pastes 
are important define the flow behavior of 
cementbased materials as well as insight into their 
chemical properties (Papo et al., 2010). As cement-
based materials are often used in applications 
where fluidity of the mix is important, for example in 
casting concrete slabs and where pumping is 
required, e.g. in oil wells and multistorey buildings, 
understanding the rheology of the cement-based 
material is essential.  
Limestone has been used as an SCM due to its low 
environmental cost, production cost, filler effects 
and can improve workability (Detwiler and Tennis, 
1996). The increase in workability of PLC makes it 
suitable for producing self-leveling concretes and 
mortars. Limestone used in cement is composed of 
at least 70% calcium carbonate (BS EN 197-1, 
2011). By substituting limestone additives with a 
precipitated calcium carbonate additive (PCC-A), 
the environmental cost can be further reduced and 
the effects on workability vary with quantity of PCC-
A while providing a cement with higher 
compressive strength (McDonald et al., 2019).  
The inclusion of PCC-A to Portland cement leads 
to a significant of the carbon emissions of cement 
due to it being manufactured from CO2. The 
reduction can be calculated from the mass fractions 
of the PCC-A and OPC in the blend multiplied by 
their respective CO2 emissions in producing 1 
tonne, which is between -150 to -300 kgCO2/tonne 
for PCC-A and 950 kgCO2/tonne for OPC (Boesch 
and Hellweg, 2010). The optimum PCC-A content, 
and hence CO2 reduction, to achieve maximum 
compressive strength for two PCC-A grain sizes is 
shown in Figure 1, observed after 28 days of curing 
in a water bath at ambient temperature. Nano sized 
PCC-A (median grain size 500 nm) provides the 
greatest benefit to strength at 11.8% PCC-A, an 
increase of 14%. Micro-scale PCC-A (median grain 
size 7 µm) provides the greatest increase in 
strength at lower PCC-A content than nano-PCC 
blends at 6.8%.  
 
  
Figure 1. Optimum PCC-A content to acheive the 
highest strength and the corresponding CO2 
emission reduction, strength tested at 28 days with 
0.5 w/c.  
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The reduction in CO2 emissions of a nano-PCC and 
micro-PCC with a strength similar to that of  
OPC (46 MPa) are 21.18% and 7.87% respectively. 
The consequence of the increased strength is that 
the workability of the pastes decreases in blends 
with nano-PCC.  
This paper aims to provide a preliminary 
understanding of the rheology of PCC-A Portland 
Cements and how they compare with OPC and 
PLC.   
   
2. METHODS AND MATERIALS  
In this investigation, two PCC-As with different 
grain sizes were used, one very fine nano-scale 
PCC (<1 µm, median size 500 nm) and the other a 
fine-grained micro-scale PCC (1-10 µm, median 
size 7 µm). Both PCC-As were rhombohedral 
calcite with trace amounts of halite (<0.2% by 
weight) from the production process.  
The primary cement used was a CEM I ordinary 
Portland cement (OPC), kindly provided by 
Hanson Cement. The OPC was blended with 1 to 
20% PCC by weight before hydration. A CEM II 
Portland-limestone cement (PLC) containing 18% 
calcite has also been used for comparison with 
PCC-blended cements.  
A range of w/c were used in the test ranging from 
0.3 to 0.5. Cement blends were mixed with the 
water and hand mixed for 90 seconds before being 
transferred to a 40mm diameter sample pot. The 
sample pot was connected to a rheometer which 
was fitted with a 25mm diameter coaxial cylinder 
spindle. The cement blend was subject to a 
preshear at a strain rate of 120 s-1 for 60 seconds 
to ensure that each test began from the same state 
of destructuration (Nehdi and Rahman, 2004). 
After pre-shearing, the shear rate was 
continuously increased from 0 to 100 s-1 over 120 
seconds after which the shear rate was maintained 
for 15 seconds before being reduced to 0 s-1 over 
120 seconds (Figure 2. Progression of shear rate 
with time throughout duration of test procedure. As 
viscosity of a fluid is temperature dependent, the 
temperature throughout the test was monitored 
with a digital thermometer integrated within the 
rheometer and kept constant at 24°C.  
  
  
Figure 2. Progression of shear rate with time 
throughout duration of test procedure.  
  
3. RESULTS AND DISCUSSION  
The data collected during the test allowed for the 
shear stress to be calculated from the recorded 
torque of the rheometer and a parameter devised 
from the geometry of the spindle & sample pot, 
𝑘!= 10.796·103 m-3 such that 𝜏 𝑇, where 𝜏 is 
shear stress in Pa and 𝑇 is torque in m·Nm. 
Plotting the measured shear stress against the 
shear rate provides a hysteresis curve indicative 
of thixotropic behaviour as the up-curve has a 
higher stress than the down-curve, as shown in 
Figure 3.  
  
Figure 3. Hysteresis curve obtained for 10% 
nano-PCC blend at 0.5 w/c. Arrows indicate 
progression of test with time.   
The yield stress, 𝜏!, and the plastic viscosity, 𝜇!, 
for each cement blend are determined from the 
down-curve as it tends to have a smoother profile 
than the up-curve. The Casson Rheological 
Model:  
𝜏= 𝜏!+ 𝜇! 𝛾 was used to 
determine the yield stress and plastic viscosity of 
the blends as it provided a better fit for the shear 
rate range used during these tests than other 
models. An example of using the model to 
determine the parameters is shown in Figure 4. 
By plotting the square root of shear stress 
against the square root of shear rate, 𝜏!, and 𝜇!, 
can be calculated by taking the square of the 
gradient and intercept of the line of best fit, 
respectively.  
By using the Casson Model, 𝜏! and 𝜇! have been 
determined for all tested blends. Due to the 
increasing stiffness of nano-PCC blends at 0.3 
w/c, data could not be obtained beyond 5% 
nano-PCC.  
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Figure 4. Using the Casson Model to determine the 
yield stress and plastic viscosity of 5% PCC blend, 
0.4 w/c.  
  
The yield stress for all blends tested are 
presented in Figure 5. It was found that at 0.5 w/c 
micro-PCC provides an increase in workability 
over OPC but not as much as PLC does, this 
trend occurs at 0.3 w/c with the workability of 15% 
micro-PCC being very similar to that of PLC. 
However, at 0.4 w/c the addition of micro-PCC 
provides a more workable mix than that of both 
OPC and PLC.  
Nano-PCC blends exhibit a yield stress similar to 
that of OPC at 0.5 w/c for all grain sizes however, 
as the w/c is reduced higher quantities of nanoPCC 
greatly reduce the workability of the blend to the 
point where at 0.3 w/c the rheometer was unable to 
induce shear in the cement paste and no data could 
be obtained. The increased water demand of nano-
PCC blends is likely due to the increased surface 
area of the PCC-A particles which are thought to 
provide nucleation points for CH precipitation as 
determined in simulations by Mohamed et al. 
(2015).  
 
Figure 5. Yield stress calculated using the Casson 
Model for micro-PCC (a) and nano-PCC (b).  
  
The plastic viscosity of the cement blends (Figure 
6) was more consistent than the yield stress. With 
increasing PCC-A content, plastic viscosity 
increases and in almost all cases the plastic 
viscosity of PCC-A blends is higher than the 
comparative PLC and OPC pastes.  
At 5% micro-PCC the plastic viscosity is lower than 
that of OPC and comparable to that of PLC. This 
indicates that the micro-PCC required to obtain the 
same workability as the PLC is significantly lower 
than the calcite content of the PLC. It should be 
noted that the compressive strength of PCC-A 
blended cements is greater than that of OPC 
between 5 and 20% PCC-A and significantly 
greater than that of PLC (McDonald et al., 2019).  
  
  
  
Figure 6. Plastic viscosity of micro-PCC (a) and 
nano-PCC (b) blends determined using the Casson 
Model.  
  
4. CONCLUSIONS  
• The inclusion of micro-PCC to Portland 
cement reduces the yield stress of the fresh 
cement paste. At low water-cement ratios 
the optimum quantity of micro-PCC for a 
workable mix is 15%.  
• Nano-PCC blends however have an 
optimum content of 5% at low water-cement 
ratios. At higher nano-PCC content the 
workability of the mix greatly decreases and 
becomes entirely unworkable.  
• The plastic viscosity of both nano- and 
microPCC blends increases with increasing 
PCC content.   
• The decrease in workability of at high PCC-
A contents is likely due to the small grain-
size by increasing the surface area for 
which water is dispersed in the paste and 
provides a greater number of nucleation 
points for the formation of CH leading to 
rapider setting of the cement paste.  
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ABSTRACT 
 
Fine recycled glass powder has been previously investigated as a secondary cementitious material in cement 
mixtures. Up to 70% fine recycled waste glass was employed in mixtures with 0.3 water/binder ratio. A low 
Ca/Si C-S-H gel was observed in high volume recycled glass containing samples. Based on experimental 
observations from TGA, SEM and EDX, a hydration reaction model initially developed for OPC and slag-
blended cements is modified for the incorporation of waste glass. The challenges of such an approach, 
particularly the hydration degree of fine glass and the role portlandite plays in the pozzolanic reaction, are 
discussed and evaluated. 
 
 
1.   INTRODUCTION 
 
In recent years, the recycling ratio of waste glass 
has increased in many countries due to the 
concerns towards the protection of natural 
resources; for instance an increasing amount of the 
waste glass are collected from urban wastes and 
reused to produce containers like bottles and jars. 
However, some recycled glass fractions cannot be 
used in the manufacturing of new glass products, 
either because they are contaminated, or because 
some recycled glass pieces are too small to meet 
the manufacturing specifications. Such recovered 
glass is then used for producing non-container glass 
products. One ideal application for these glass 
fractions is to be used as concrete ingredients such 
as aggregates and supplementary cementitious 
material, because the amorphous glass has the 
potential to exhibit pozzolanic reactivity (Shayan 
and Xu, 2006) (Du and Tan, 2014). 
Therefore, many studies investigated using fine 
waste glass powder to partly replace cement as 
supplementary cementitious materials. Glass 
fractions can exhibit higher pozzolanic activity than 
fly ash when the particles are fine enough (Liang 
and Poon, 2011) (Schwarz and N. Neithalath, 2008) 
(Bignozzi et al. 2015) (Zheng 2016).  
Recent studies about influences of contamination in 
waste glass usually focused on heavy metal 
contaminated waste glass, such as glass from 
cathode ray tubes (CRT), where cement could be 
used to immobilize the heavy metal in CRT glass 
(Hui, Poon and Ling 2013) (Ling and Poon 2011). 
However, the waste glass fractions contaminated by 
organics (sugar, fibre) received less attention. This 
kind of waste glass usually combines with very fine 
particles and is mixed with organic matters, making 
it difficult to clean and recycle for re-producing new 
glass products. For the sustainable use of this kind 
of organic containing glass fractions, it is desirable 
to use such filter glass as building material. 
However, the organic contamination will influence 
the application of the waste glass fractions in 
concrete. The waste glass in this study is a filter 
glass powder, which is filtered out of the furnace 
while drying the glass fraction during the 
manufacturing of glass products. It has a very fine 
particle size and contains considerable amounts of 
organic matters such as fibres and saccharides 
from labels and glue. Saccharides could be 
absorbed on the surfaces of cement particles and 
hydration products, which inhibits the hydration 
process and hydration products growth (Juenger 
and Jennings 2002). The present study aims to 
perform a comprehensive evaluation and to have a 
better understanding of the influencing of filter glass 
as supplementary cementitious material on cement 
hydration, products and microstructure, providing 
some theoretical basis for its application. 
 
2. MATERIALS AND METHODS 
 
The cement applied in this study is CEM І 42.5N 
supplied by ENCI, Netherlands. The used glass 
powder is a filter glass which was filtered out in a 
glass drying furnace, provided by a glass recycling 
plant.  
The filter glass powder after washing was used as 
references, they were washed by distilled water with 
the L/S 2 and 250 rpm for 24 hours. Then these two 
glass powders were milled, sieved and utilized as 
supplementary cementitious materials in present 
study. The specific surface area of milled filter glass 
powder is 0.65 m2/g. 
Different pastes were prepared with the water / 
binder ratio of 0.3, where cement was replaced by 
with 0%, 30%, 50% and 70% by mass by the filter 
glass (termed C0, C3, C5 and C7 respectively) or 
washed filter glass (termed CW3, CW5 and CW7). 
All details regarding methodology can be found in 
(Liu, Florea and Brouwers, 2018). 
 
Table 1. Chemical composition of raw materials 
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Chemical 
composition 
Filter 
glass 
(%) 
Washed 
filter glass 
(%) 
CEM I 
42.5N 
(%) 
Na2O 11.4 11.5 / 
MgO 1.42 1.39 1.55 
Al2O3 2.74 2.577 3.44 
SiO2 66.9 68.3 14.4 
SO3 0.25 0.13 4.42 
K2O 0.84 0.79 0.45 
CaO 14.2 13.6 69.2 
TiO2 0.19 0.14 0.38 
Cr2O3 0.15 0.14 0.01 
MnO 0.03 0.03 0.09 
Fe2O3 0.95 0.78 3.85 
ZnO 0.06 0.04 0.11 
BaO 0.07 0.06 0.01 
Cl 0.20 0.06 0.07 
 
3. EXPERIMENTAL RESULTS 
 
The thermogravimetric results of different mixtures 
are shown in Fig. 1. The TG and DTG curves of 
samples containing 70% filter glass and washed 
filter glass powder are presented in Fig. 1 (a). It can 
be seen that all samples present a significant mass 
loss from 40 °C to 105 °C. This mass loss is 
assigned to the physical bound water in mixtures. 
As the temperature increases, the mass loss is 
obviously increasing before 200 °C. After the 
evaporation of physically bound water, the C-S-H 
and AFm begin to lose the chemically bound water 
gradually at higher temperatures [53]. The following 
two significant mass losses are attributed to the 
decomposition of calcium hydroxide (400 °C-460 °C) 
and calcium carbonate (600 °C-700 °C). During the 
testing temperature range of 40 °C to 1000 °C, 
samples with waste glass powder show less total 
mass loss than the reference sample (C0). 
Additionally, the highest content of filter glass 
powder sample (C7) shows the least mass loss, 
which is also observed in washed filter glass 
containing samples. It is noticeable that washed 
filter glass samples show less total mass loss than 
the filter glass samples with the same replacing 
level after 28 days curing. 
The calcium hydroxide content normalized by mass 
of cement are shown in Fig. 1 (b). The content of 
calcium hydroxide is calculated from the TG results 
by adding the amount of portlandite (recalculated 
from water loss between 400 and 460º C) and the 
amount recalculates from the CO2 loss of calcite for 
each sample. Fig. 1 (b) shows the calcium 
hydroxide content (normalized by cement) after 28 
days and 90 days curing in different samples. The 
addition of both filter glass and washed filter glass 
promotes the formation of calcium hydroxide. Filter 
glass powder containing samples, especially for 
high volume filter glass incorporation sample, 
present a slightly lower calcium hydroxide content 
after 28 days curing but higher after 90 days than 
samples containing washed filter glass. For the 
sample containing washed filter glass, calcium 
hydroxide consumption can be observed in all 
samples. Apparently, more calcium hydroxide is 
consumed in washed filter glass containing samples 
with the increasing of the replacement ratio 
compared with the sample containing filter glass 
powder. The lower calcium hydroxide consumption 
after 28 days and the delay of calcium hydroxide 
formation in samples with filter glass addition may 
indicate that the pozzolanic reaction of glass 
powder is partially influenced by the retardation 
effect of saccharides. 
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Figure 1. (a) TG/DTG data of C0 and C7 and CW7; 
(b) CH content of all samples from TG results 
 
The SEM- EDX are used together to determine the 
micro-structure and chemical composition of 
hydration products of pastes containing filter glass 
powder and washed filter glass powder. The results 
are shown in Fig. 2. It can be observed that the plain 
cement paste (C0) shows a relatively dense 
microstructure. The hydration products ideally fill 
the space between the unreacted cement particles 
and show a homogeneous structure. The result of 
EDX obtained around the unreacted cement particle 
shows a Ca/Si ratio of 2.02.The filter glass and 
washed filter glass incorporation leads to a more 
porous structure at micro scale. As can be seen in 
Fig. 2 (b) and (c) that 30% filter glass (C3) and 
washed filter glass (CW3) samples shows more 
porosity than the plain sample, and EDX and SEM 
images with 8000 × exhibit that the glass particles 
around 10 μm are covered by the C-S-H gel with a 
low Ca/Si ratio. For example, Ca/Si with 1.09 and 
1.67 are observed in C3 and CW3, respectively. At 
the same time, most of the glass particles around 10 
μm in C7 show clean and smooth surface with a 
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(a) 
 
(b) 
 
Ca/Si with 0.14, which is due to the largely 
unreacted glass particles.  
 
    
       
      
Figure 2. SEM images and EDX results: (a) plain 
sample C0 (b) 70% filter glass sample C7 (c) 70% 
washed filter glass sample CW7. 
 
These may indicate that a limited pozzolanic 
reaction occurred on the surface of these glass 
particles, and the products from cement hydration 
fill the pores between glass particles with weak 
binding forces. The EDX result of the glass particles 
surface in sample C7 also presents high Si and O 
content, which can be referred to the raw glass 
phase, while the morphological image of sample 
containing 70% washed filter glass powder exhibits 
a rough surface of glass particle. The glass particles 
in CW7 are covered by the reaction products. The 
EDX result of the gel on the surface of glass particle 
shows a low Ca/Si of 0.93, which can be considered 
as the products from the pozzolanic reaction of 
glass powder. 
Compared with the glass particles in high volume 
filter glass and washed filter glass containing 
samples, it is obviously that the washed filter glass 
particles show a clear sign of pozzolanic reaction. 
The glass particle could be dissolved in the alkaline 
environment and the silicate released from glass 
phase reacts with the calcium hydroxide from 
cement hydration. The filter glass powder contains 
organic matter and saccharides contamination, 
which poisons the surface of cement particle and 
the growth of calcium hydroxide. Consequently, the 
dissolution of glass particles is inhibited, which limits 
the pozzolanic reaction on the surface of glass 
particles.   
 
4. HYDRATION MODELLING 
 
In order to model the hydration of the cement-glass 
powder pastes, a hydration reaction model for 
ground granulated blast furnace slag (GGBS)- 
Portland cement blended pastes was adapted 
(Florea and Brouwers 2014) (Chen and Brouwers 
2007). Similar to the GGBS, the glass is considered 
to be able to partly take place to the hydration 
reactions, with its own reaction degree. In a first 
stage, the glass is considered to contribute silica 
ions, which contribute to the formation of C-S-H with 
C/S ratios which lower with the increase of glass 
percentage, as detailed in the SEM/EDX discussion 
above. However, when comparing the estimated 
CH amounts with the ones measured by TG (Fig. 1), 
it was found that the model significantly 
underestimates the formed CH after 28 days. A 
degree of hydration of the cement was set at 0.65, 
according to the TG measurements for C0 (plain 
OPC paste). It can be observed in Fig. 1 (b) that the 
CH content of the pastes increases with the 
increase of glass substitution, which cannot be 
accounted for if OPC is considered to be the only 
calcium source. While for the 30% glass containing 
sample the increase in CH generation could be 
attributed to an increase in degree of hydration of 
OPC, for higher replacement ratios the change 
would still not be sufficient. Therefore, a second 
assumption is proposed: besides its contribution of 
silica to the formation of lower C/S C-S-H phases, 
alkalis and Ca ions are also considered to be made 
available from the glass dissolution.  
For this scenario, a hydration degree of glass is 
needed (while in the first assumption, enough silica 
was assumed to be generated by the dissolution of 
glass for the measured C/S ratios). The degree of 
hydration of glass can be calculated from its silica 
contribution, at each replacement ratio. 
The calculated degree of reaction varied with the 
replacement ratio as follows: 0.15 for 30% glass, 
0.25 for 50% glass and 0.38 for 70% glass. A 
number of effects can be taken into account for this 
such a trend. In the case of lower glass contents, 
the OPC hydration products can coat the glass 
particles, making their dissolution slower or 
effectively stopping it in many cases. For a higher 
glass percentage, the continuous uptake of 
dissolved silica into the cement hydration products 
can promote the further dissolution of the glass. 
However, these assumptions need further 
experimental validation. It is worth mentioning that, 
when considering a glass degree of hydration of 
0.30-0.35, intermediate between he calculated 
values for 50% and 70% glass replacement, the 
model accurately predicts the CH values obtained 
from TG, when the extra Ca ions available are 
(c) 
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considered to form portlandite. However, Ca ions 
can also participate in the formation of other OPC 
hydration products, while Na ions can form Na-S-H 
phases. All these possibilities need further 
experimental tests. The final model needs to be 
validated with other glass compositions, as well as 
available data from literature. 
 
5. CONCLUSIONS 
 
This study aims to study and model the effects of 
the addition of waste glass to OPC pastes. Two 
types of waste glass (washed and unwashed) and 3 
replacement ratios (30%, 50% and 70% by mass) 
were considered. It was found that the unwashed 
glass, due to its high content of saccharides, will 
significantly delay cement hydration and it will also 
not participate itself to the hydration reactions. In the 
case of washed glass powder, this effect is no 
longer observed. Therefore, the washed glass-
containing samples were further used for modelling 
the hydration reactions of the blended pastes. 
The modelling part suggested a reaction degree of 
the glass of around 0.3, and underlined the 
importance of taking into account not only the 
contribution of silica ions to the hydration reactions, 
but also of the additional released Ca ions. This 
study will continue in order to elucidate the following 
open questions: 
The reactivity of the washed glass will be evaluated  
The kinetics of reaction of the OPC in the presence 
of various amounts of waste glass will be studied 
A more detailed evaluation of the hydration phases 
formed in each substituted paste will be performed 
The role of the Na ions in the hydration reactions will 
be evaluated and modelled 
The consumption of CH between 28 and 91 days of 
hydration will be incorporated into the model 
through a pozzolanic reaction of the glass particles 
Various compositions of OPC and glass will be used 
to further refine the model 
Literature data will be collected and employed for 
the validation of the model. 
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ABSTRACT 
 
This study investigated the effect of the inert TiO2 on the hydration and C-S-H nanostructure of wPC. Two TiO2 
replacement levels (30% and 60%) were selected and two types of active fillers (PFA and GGBS) were used 
for comparison in this study. The effects of these fillers on the hydration of wPC up to 91 days were evaluated 
through isothermal conduction calorimetry (ICC), TG-DSC and NMR. The C-S-H nanostructure changes due 
to the presence of TiO2 were analysed using Richardson and Groves’ model. The main findings are: the 
hydration of wPC was initially retarded for the first day due to the presence of TiO2, whilst increased after 1 
day. The hydration of belite significantly increased at later age as evidenced by NMR. Thus, the hydration 
degree of wPC increased due to the incorporation of TiO2, which further slightly increased the MCL and slightly 
decreased Ca/Si ratio of C-S-H.  
 
1. INTRODUCTION 
 
TiO2 is a “filler” that can be used in the cement 
system, which is proven to have certain effects on 
the hydration of cement (Chen, Kou et al. 2012, Lee 
2012). Meanwhile, TiO2 is also a photocatalytic 
material (Ohno, Sarukawa et al. 2002), which has a 
smog-abating property, can be used for the removal 
of NOx and as the self-cleaning/disinfection tiles 
(TOTO) or glass (Nippon Sheet Glass). The 
cement/TiO2 composites (also named as 
photocatalytic cement) can be widely used as 
infrastructure applications for air pollution treatment. 
Due to these applications, there is an interest in 
study of how TiO2 affects the hydration of its 
substrate. In this study, the hydration of wPC 
incorporated with TiO2 was studied up to 91 d by 
using ICC, TG-DSC, and NMR. Two traditional 
supplementary cementitious materials (SCMs), PFA 
and GGBS, were used as a purpose of comparison.  
 
2. EXPERIMENTAL DETAILS 
 
The commercial white Portland cement (Hanson 
Castle, UK), anatase-type TiO2 (Sigma-Aldrich, UK), 
PFA (Drax, UK) and GGBS (Francis flower, UK) 
were used in this study. The XRF analysis of their 
bulk oxide compositions is given in Table 1. The iron 
was hand-removed from PFA by using a magnet 
until limited particle could be attracted, which aimed 
to reduce the paramagnetic effect in NMR 
experiments.  
 
A water/binder (w/b) ratio of 0.50 was used for all 
cement slurries. Two replacement levels (30% and 
60%) for wPC by TiO2 were selected. 30% PFA and 
60% GGBS were used to replace wPC for 
comparison. The blended powders were pre-stirred 
for 5 min. All five cement pastes were hand-mixed 
for 2 min and cast into an 8 mL plastic tubes. After 
which, these tubes were sealed with Parafilm and 
put into a rotor for continuous rotation for 24 h at a 
speed of 9 r/min to avoid bleeding. The specimens 
were then cured in a water bath at 25 °C for specific 
testing ages (except the 5 h ones). The samples at 
certain ages were then crushed and hydration-
stopping with Isopropanol (IPA), followed by drying 
in a vacuum desiccator. The treated samples were 
ground into fine powder for further TG-DSC and 
NMR experiments.   
 
The ICC experiments were performed with a TAM-
Air (8 channels) with an external mixing method. 
The pastes with 0.50 w/b ratio were put into a 20 mL 
plastic tube and shaken on an orbital shaker for 2 
min before putting into the equipment. An analog 
quartz paste was used as a reference.TG-DSC 
experiments were recorded by a Stanton Redcroft 
Simultaneous Thermal Analyser STA 780 under N2 
atmosphere. The testing temperature ranged from 
room temperature to 1000 °C with a speed of 
20 °C/min. The calcium hydroxide (CH) content (by 
residual mass) was determined by the tangent 
method (Richardson, Girão et al. 2016). NMR 
experiments were performed with a Bruker Avance 
III with a 9.4T WB magnet. The operating frequency 
was 74.49 MHz for 29Si with a magic angle of 54.7°. 
The spectra were acquired with between 2048-4096 
scans for wPC samples with an acquisition time of 
0.04 ms. Other operation parameters include a spin 
rate of 6kHz, a pulse recycle delay of 40s, and a 
pulse duration of 5.5 µs The spectra were de-
convoluted with Igor 5.0 with Voigt line shape 
(Richardson, Girão et al. 2016).  
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Table 1. Bulk oxide compositions of GGBS, PFA, and wPC (by mass %). 
Composition SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3 LOI900°C 
GGBS 35.07 12.43 0.41 8.41 40.67 0.38 0.58 0.78 -0.15 
Fe-Removed PFA 51.26 25.27 6.80 1.78 2.47 1.98 3.57 0.48 4.03 
Residual PFA 49.02 24.38 10.92 1.59 2.43 1.42 3.46 0.47 4.07 
wPC 24.49 2.09 0.30 0.59 68.08 0.25 0.09 1.95 0.95 
 
 
3. RESULTS AND DISSCUSSIONS 
3.1 Hydration and CH evaluations  
Figures 1and 2 show the normalized heat release 
results of wPC containing TiO2, PFA, and GGBS up 
to 80 h. The dashed line was calculated based on 
the heat release of neat wPC multiply by the wPC 
proportion in blended systems (i.e. 0.7 and 0.4), 
which was used for further comparison mentioned 
later. It is obvious to see that the heat release of 
slag-containing samples always has a higher value 
than any other system, which is due to the self-
hydraulic property of GGBS (Richardson and 
Cabrera 2000). Nevertheless, the heat release of 
PFA or TiO2 groups were initially lower than the 
reference group and then surpassed the neat wPC 
at around 20 h for PFA and 30 h for TiO2 in both 30% 
and 60% replacement levels.  
 
Figure 1. Hydration heat release of 30%TiO2/PFA-
70%wPC and neat wPC systems. 
 
Figure 2. Hydration heat release of 60%TiO2/Slag-
40%wPC and wPC systems.  
 
Figure 3 gives the CH content development of both 
30% and 60% replacement level systems 
determined by TG-DSC analysis. There is no doubt 
that the CH content increased over hydration time. 
Similarly, the same ratios (i.e. 0.7 and 0.4) were also 
used to multiply by the CH in neat wPC for a 
purpose of comparison, which was denoted as 
CHexp (Taylor, Richardson et al. 2010, Richardson, 
Girão et al. 2016). The CH contents in the blended 
system were denoted as CHact. The ratios of CHact 
to CHexp were calculated for each blended system 
and plotted in Figure 4.   
 
Figure 3. CH content evaluation of 30%TiO2/PFA-
70%wPC (left), 60%TiO2/GGBS-40%wPC (right) 
and neat wPC systems. 
 
Figure 4. CHact/CHexp of different samples from TG-
DSC results. 
 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
0
25
50
75
100
125
150
175
200
225
N
o
rm
a
liz
e
d
 h
e
a
t 
(J
/g
)
Time (hours)
 0.50 Neat wPC
 0.50 Neat x 70%wPC
 30% PFA
 30%-Slag
 30%-TiO2
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
0
25
50
75
100
125
150
175
200
225
N
o
rm
a
liz
e
d
 h
e
a
t 
(J
/g
)
Time (hours)
 0.50 Neat wPC
 0.50 Neat x 40%wPC
 60%-PFA
 60%-Slag
 60%-TiO2
0.1 1 10 100
0
2
4
6
8
10
12
14
16
18
20
C
H
 c
o
n
te
n
t 
(%
)
Age (days)
 wPC
 wPC*0.7
 30PFA-70wPC
 30Ti-70wPC
0.1 1 10 100
0
2
4
6
8
10
12
14
16
18
20
Age (days)
C
H
 c
o
n
te
n
t 
(%
)
 wPC
 wPC*0.4
 60slag-40wPC
 60Ti-40wPC
0.1 1 10 100
0.6
0.8
1.0
1.2
1.4
1.6
Age (days)
C
H
ac
t /
C
H
ex
p
 30% PFA
 30% TiO2
 60% Slag
 60% TiO2
 184 
 
The ratios shown in Figure 4 clearly exhibit that the 
PFA or TiO2 samples had a lower CH content when 
compared to neat wPC, which can be explained as 
initial retardation occurred in such systems. 
Whereas, the slag increases the CH content initially. 
These results are consistent with ICC results as 
shown in Figures 1 and 2. The initial retarder effect 
of PFA was also found and discussed by 
Richardson et. al (Richardson, Girão et al. 2016). 
However, the CHact/CHexp ratio rose at intermediate 
ages for TiO2/PFA containing samples, which 
indicates that an acceleration happened during this 
period. As expected, the PFA and GGBS will 
consume the CH and CHact/CHexp ratios in these two 
systems gradually decreased to lower than 1. The 
changing ages for 30% PFA and 60% GGBS 
samples are around 40 d and 14 d, respectively. For 
TiO2 samples, these values are higher than 1 
(except one point), which reflected that TiO2 is inert 
and will not consume CH in the cement system. In 
general, the hydration of wPC was initially retarded 
by TiO2 but accelerated after around 1 day. 
 
3.2 29Si NMR results of blended wPC 
 
wPC-91d 
 
30PFA-70wPC-91d 
 
30Ti-70wPC-91d 
     
60Slag-40wPC-91d 
 
60Ti-40wPC-91d 
Figure 5. NMR deconvolution examples for blended 
cement hydrated for 91 d.  
 
The 91 d 29Si NMR results shown in Figure 5 
demonstrate the silicate groups’ distribution in 
hydrated blended wPC. At the same replacement 
ratio as TiO2, both PFA and GGBS containing 
samples showed a higher belite peak, which 
confirmed that the hydration degree of wPC at later 
age was increased by adding TiO2. Meanwhile, the 
comparison of the same replacement ratio with PFA 
and GGBS samples also indicates that the 
acceleration effect of TiO2 is not only limited to the 
relatively increased water to cement ratio.  
  
Figure 6. Al/Si ratio (from NMR deconvolution) and 
Ca/(Al+Si) (calculated from a universal relationship: 
Si/Ca=0.428+2.366(Al/Ca) (Richardson, Girão et al. 
2016).) 
 
Figure 6 gives the Al/Si ratio calculated from 
quantitative NMR (the details of the calculation 
method can be found in (Richardson 2004)). 
Furthermore, the Ca/(Al+Si) ratio was calculated 
based on a universal relationship between Si/Ca 
and Al/Ca ratios in such systems, which was 
obtained by using the regression method 
(Richardson, Girão et al. 2016). Other than PFA and 
GGBS, TiO2 showed a similar development trend of 
Ca/(Al+Si) as neat wPC, but with lower values. By 
combining the facts that individual belite was 
significantly reduced by adding TiO2, the lower 
values may be caused by the consumption of belite. 
It is summarised that a higher hydration degree of 
wPC is related to a longer mean chain length (MCL) 
of C-S-H (Richardson, Girão et al. 2016), which is 
an indicator for a lower Ca/(Al+Si) ratio.   
3.3 Nanostructure development of C-S-H in blended 
wPC 
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Figure 7. MCL (total and MCLSi) of C(A)SH in 30% 
(left) and 60% (right) replacement levels samples. 
 
The MCL of the blended samples is calculated 
based on NMR results in Section 3.2. The addition 
of SCMs can significantly increase the MCL at a 
later age due to the supplementary Al incorporated. 
However, the addition of TiO2 only increased the 
MCL slightly at all the ages and replacement levels. 
This phenomenon must be associated with the 
increased hydration degree (mainly belite) of TiO2 
containing samples at a later age, which will give a 
higher MCL (Richardson, Girão et al. 2016). 
 
Figure 8. Relationship between reciprocal MCL and 
Ca/(Si+Al) ratio in wPC-TiO2/PFA/GGBS samples. 
The explanations of the symbols in this figure can 
be found in Ref. (Richardson 2004).  
 
Figure 8 provides the relationship between the 
reciprocal MCL and Ca/(Si+Al) ratio. It is clear that 
all the points from neat wPC, TiO2-blended wPC 
and early-age SCMs-blended wPC fall into the 
regions of D-V-E-W. With the lower Ca/(Al+Si) ratios 
achieved by SCMs at later ages, the points moved 
towards F-X (tobermorite with minimum protonation) 
line. Within this region, the nature of C-S-H in such 
systems can be explained by both T/J and T/CH 
models proposed by Richardson (Richardson 2004).  
 
An example of chemical composition formulations of 
a 91 d wPC and 30%TiO2 blended wPC are given in 
both T/J and T/CH points of view based on minimum 
protonation assumption.  
 
The T/J formulation of 91d wPC is: 
[Ca3.71(Si0.907Al0.093)4.57O14.71]·(OH)5.90·Ca4.80·mH2O 
The T/CH formulation of 91d wPC is: 
[Ca5.57(Si0.907Al0.093)4.57O14.71]·2.95Ca(OH)2·mH2O 
 
The T/J formulation of 91d 30%TiO2 blended wPC 
is: 
[Ca3.94(Si0.906Al0.094)4.91O15.74]·(OH)6.48·Ca5.21·mH2O 
The T/CH formulation of 91d 30%TiO2 blended wPC 
is: 
[Ca5.91(Si0.907Al0.093)4.91O15.74]·3.24Ca(OH)2·mH2O 
 
4. SUMMARY 
The effects of TiO2 on the hydration of wPC were 
evaluated through ICC, TG-DSC, and NMR analysis. 
The C-S-H changes in these systems were 
calculated by using NMR results. The main findings 
can be summarized as follows: The addition of TiO2 
will retard the first day of wPC hydration as 
evidenced by ICC and CH content development. 
However, an acceleration effect was identified for 
later age through ICC, CH content, and NMR results. 
The addition of TiO2 will not change the basic 
structure of C-S-H in such system but will slightly 
lower the Ca/(Si+Al) ratio and increase the MCL of 
C-S-H. The reason for this is due to the increased 
hydration degree of belite with added TiO2. 
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ABSTRACT 
 
Geopolymer cements have the potential to be used as an alternative to Portland cement by the nuclear industry, 
to immobilise potentially dangerous radioactive materials that currently cannot be disposed of by conventional 
cementation methods. Geopolymers develop as main binding phase a three-dimensional gel type network. 
The process of formation of this binder occurs through the dissolution of the precursor used (e.g. calcined 
clays), precipitation of reaction products whose chemistry and mineralogy is controlled by the type of activator 
and curing conditions used, and have the potential of immobilising/encapsulating problematic radioactive 
wastes. However, in order to understand structural evolution and the mechanism by which the geopolymer gel 
forms, in-situ techniques need to be used. In-situ ATR-FTIR, Raman spectroscopy and X-ray diffraction can 
help to develop this understanding, with the potential to control the properties of the final product through 
different initial curing procedures and reaction conditions. In-situ characterisation of the early hours of reaction 
of geopolymer binders provides new insight about the fresh to hardened state development. In this study 
metakaolin-based geopolymers activated with potassium silicate, which have been proposed as potential 
nuclear waste disposal methods, have been assessed. These results can be used to predict the gel structure 
development of these systems and also allow for a development of geopolymers as a potential nuclear waste 
disposal technology. 
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ABSTRACT 
 
Cement production accounts for approximately 5% of man-made CO2 emissions. Lowering these CO2 
emissions is currently one of the most important research topics within the cement community. To reduce 
these emissions, the Portland cement (PC) is partially replaced by supplementary cementitious materials 
(SCM). Reaction of these SCM with PC during hydration leads to the formation of additional calcium silicate 
hydrates (C-S-H), which is the single most important phase in cements based on silica-rich SCM. The high 
Al2O3 and SiO2 content of the SCM results in C-S-H compositions with more silicon and aluminum than in 
Portland cement which affects stability and durability of such cements. Therefore, it is crucial to determine the 
role of aluminum on C-S-H properties to predict the formed hydrate phase assemblages and their effects on 
durability.  
 
The aluminum sorption isotherms including very low Al concentrations have been determined for C-S-H with 
Ca/Si ratios from 0.6 to 1.4. The solubility and composition of calcium-silicate hydrates incorporating aluminum 
“C-(A)-S-H” as a function of different parameters such as Ca/Si ratio, pH, aluminum and alkali contents were 
investigated. The aluminum sorption isotherms at different Ca/Si ratios revealed a strong correlation between 
the Al concentration in solution and Al uptake in C-S-H. Moreover, the experimental data showed a 
dependency of Al uptake in C-S-H on the alkali hydroxide content. Higher dissolved concentrations of Al were 
observed at higher pH values and a reduced uptake of Al in C-S-H. 
  
 
 
1.   INTRODUCTION 
 
Concrete is one of the world’s most affordable, 
reliable, durable and readily available construction 
materials. Due to the high amount of concrete used, 
cement production accounts for approximately 5% 
of CO2 emissions. Reducing these CO2 emissions 
is one of the most important and urgent research 
topics within the cement community (Gartner, 2004). 
To reduce the CO2 emission, Portland cement can 
partially be replaced with limestone or 
supplementary cementitious materials (SCM) such 
as blast furnace slags, by-products from steel 
production, fly ash from coal combustion, or 
calcined clays. The reaction of Portland cement with 
different SCM changes the composition of the 
hydrates (Lothenbach et al., 2011). Calcium silicate 
hydrate (C-S-H) is the most important hydrate 
formed during the reaction of Portland cement. In 
the presence of SCM, C-S-H can have different 
composition compared to the C-S-H in Portland 
cements. The Ca/Si ratio of the C-S-H present in 
Portland cement is in the range of 1.5 - 1.9, however, 
in SCM blends it is in the range of 0.6 – 1.9 (Antoni 
et al., 2012). The high silica concentration in SCM 
such as fly ash or silica fume lowers the Ca/Si ratio 
of C-S-H, which changes the structure of C-S-H 
phases. These low Ca/Si C-S-H phases are able to 
take up more aluminum and alkalis, but less chloride 
and sulfates. Because of that, the performance of 
concrete can be affected in terms of mechanical 
properties and durability. 
In the presence of aluminum in the solution, C-S-H 
is able to incorporate aluminum to produce what is 
generally called C-A-S-H (Haas and Nonat, 2015). 
C-(A)-S-H structure consists of calcium oxide 
polyhedra sheets flanked with “dreierketten” – 
tetrahedral (alumino) silicate chains – on both sides 
and counter-ions (e.g., Ca and OH-) and water in an 
interlayer between two sheets. Incorporation of 
aluminum into the silica tetrahedral chains has been 
observed (Ortaboy et al., 2017). 
The structure and aluminum uptake of C-S-H with 
low Ca/Si ratio and their impact on hydration is still 
not completely understood. The comparison of the 
few available datasets (Pardal et al., 2012; L’Hopital 
et al., 2015; L’Hopital et al., 2016a, b), however, 
revealed the dependency of aluminum uptake on 
the reaction time and/or synthesis method used. 
Most of these data have been measured by ion 
chromatography with a limit of detection of 0.004 
mM Al, which is only little below the aluminum 
concentration (0.01 to 0.05 mM), where stratlingite 
and aluminum hydroxide start to precipitate. Thus, 
very little information is available on the effect of 
aluminum concentrations on the different binding 
sites in the C-S-H structure, and on how the different 
aluminum binding sites influence each other, 
(L’Hopital et al., 2016). This information proved to 
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be crucial for the thermodynamic models 
development. The main aim of this study is to 
investigate the Al uptake in C-S-H at different 
hydroxide concentrations by using ICP-MS to be 
able to determine the effect of pH on Al uptake in C-
S-H. The experiments were performed by 
synthesizing C-S-H samples containing different 
Al/Si ratios, Ca/Si ratios and alkali hydroxide 
contents and filtration of solid-solution samples after 
3 months equilibration.    
2. EXPERIMENTAL DETAIL 
 
In this study, the sorption isotherms including 
measurements of very low aluminum 
concentrations are investigated at different sodium 
hydroxide (NaOH) concentrations. During synthesis, 
calcium oxide (CaO), silica fume (SiO2) and calcium 
aluminate (CA: CaO·Al2O3) were added into Milli-Q 
water or NaOH solutions. To obtain C-A-S-H with 
different compositions, the proportions of CaO, SiO2 
and CA were varied as shown in Table 1. The 
synthesis of these samples was made inside a 
nitrogen-filled glovebox to minimize carbonation. 
The samples were stored in 100 mL PE-HD 
containers placed on a horizontal shaker moving at 
100 rpm and equilibrated at 20°C. After equilibration 
for 3 months, the solid and liquid phases were 
separated by the filtration of samples inside the 
glove box. Afterwards, the elemental concentrations 
of calcium, silica and aluminum in the filtrates were 
determined with inductively coupled plasma mass 
spectrometry (ICP-MS) (with detection limit for Al of 
~1 ppb (ng/mL)). Also, pH measurements were 
made at room temperature with a Knick pH meter 
(pH-Meter 766) equipped with a Knick SE100 
electrode. 
 
Furthermore, the zeta potential of samples was 
measured with an acoustophoresis electroacoustic 
method using a Zeta Probe from Colloid dynamics. 
The calibration was made with potassium 
tungstosilicates, KSiW. First measurement of zeta 
potential was made on unfiltered C-A-S-H samples 
prior to filtration inside the glovebox. Then, a second 
measurement was carried out on the filtrated 
solution to determine any interferences due to ions 
present in the solution which is considered as 
background and thus deducted from the initial 
measurement.  
 
Moreover, the Al/Si ratios in C-S-H were calculated 
by performing mass balance with considering also 
the fraction of Al in the solution. The secondary 
phases which are present in the solid samples were 
quantified from the weight loss in TGA measured by 
using a TGA/SDTA851e Mettler Toledo device and 
approximately 30 mg of sample. The molar Al/Si 
ratios in C-S-H was calculated from mass balance 
taking into account the initial quantities, the amount 
of Al in secondary phases and the fraction of Al in 
solution.  
 
Table 1. Total Ca/Si, Al/Si molar ratios and alkali 
concentrations used to prepare CASH samples. 
Molar Ca/Si Molar Al/Si NaOH 
(mol/L) 
 
 
 
0.8 
0  
 
0 
0.1 
0.5 
1 
0.001 
0.003 
0.01 
0.03 
0.1 
0.2 
 
3. RESULTS 
 
Figure 1 shows the influence of increasing pH on 
the Al uptake in C-S-H as well as on the dissolved 
Al concentration at Ca/Si ratio of 0.8. At given pH 
values, the Al uptake in C-S-H increases strongly 
with the Al concentrations in solution. For the 
sample at pH 10.5, where no NaOH had been 
added, the presence of a low amount of katoite 
(C3AH6) and aluminum hydroxide (AH3) is observed 
at the highest Al/Si ratios. Thus, at higher Al/Si 
ratios, the Al/Si ratio on C-S-H is less than the total 
Al/Si ratio in solid (Al/Si = 0.1 and 0.2 have 
decreases to 0.07 and 0.16, respectively) which is 
due to the presence of katoite and AH3. However, at 
lower Al/Si ratios, no other phases are observed 
such that Al/Si ratio in C-S-H is the same as the 
initial ratio in solid.  
The sorption isotherms in Figure 1 show that the 
presence of alkali hydroxide leads to much higher 
dissolved Al concentration but to less aluminum in 
the solid phases at the same Al concentrations. The 
addition of alkali hydroxide increases the pH values 
and thus prevents stratlingite and aluminum 
hydroxide formation. 
 
 
Figure 1. The effect of pH on the Al uptake in C-S-
H at Ca/Si ratio of 0.8 after 3 months equilibration 
(pH 10.5: no NaOH; pH 12.5: 0.1 M NaOH; pH 13.2: 
0.5 M NaOH and pH 13.5: 1 M NaOH). The Al/Si 
ratios in C-S-H were obtained from mass balance.  
 
The zeta potential measures the charge of a particle 
not directly at the surface but in some distance; such 
that cations near the surface and even some in the 
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diffuse layer, contribute to the measured charge 
(James et al., 1992 and Giese et al., 1996). The zeta 
potential measurements (Figure 2) show a negative 
charge for C-S-H. Increasing the pH by adding 0.1 
M NaOH increases the negative charge on C-S-H 
surface, in agreement with the observation reported 
by L’Hopital et al., 2015. At very high alkali 
hydroxide concentrations, however, the zeta 
potential measurements are affected by the 
increase in ionic strength which moves the distance 
where the zeta potential is measured such that the 
measured values appear higher.  
The zeta potential measurements illustrate that at 
higher pH values, the C-S-H surface gets more 
negatively charged due to the ongoing 
deprotonation of the silanol sites (Churakov et al., 
2014). This negative surface charge suppresses Al 
uptake, as the main hydroxide complex of aluminum 
above pH of 7, Al(OH)4- is also negatively charged. 
In addition, higher pH values lead to a stronger 
predominance of the Al(OH)4- complex and thus to 
a higher tendency of Al to remain in solution. 
This increase in negative charge on C-S-H together 
with increasing predominance of negatively charged 
Al(OH)4- at high pH values is assumed to be 
responsible for the lower Al uptake at high pH 
values as shown in Figure 1. 
Figure 2. The Zeta potential data for C-S-H samples 
(Ca/SI = 0.8) in the absence and presence of NaOH. 
Note that the values at 0.5 M NaOH (shaded area) 
are affected by the increase in ionic strength. 
 
4. CONCLUSIONS 
 
In this study, the effect of aluminum uptake in C-S-
H is investigated using ICP-MS and zeta potential 
measurements. The determination of sorption 
isotherms including also very low dissolved 
aluminum concentrations revealed that Al uptake in 
C-S-H is increased at higher Al concentrations and 
that high pH values decrease the Al uptake in C-S-
H at the same Al concentrations in solution. 
However, high pH values prevent the formation of 
other Al-containing phases such as katoite or 
aluminum hydroxide, which increases the dissolved 
concentration of aluminum in solution and thus 
directly the amount of aluminum in C-S-H. The zeta 
potential measurements have shown that high pH 
increases the negative charge on C-S-H surface 
which suppresses together with the predominance 
of Al(OH)4- at high pH values, the Al uptake in C-S-
H. 
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ABSTRACT 
 
Geopolymer concrete (GPC) is a novel material in the construction industry with a qualified performance and 
efficiency which is environmentally and eco-friendly compatible with the use of natural pozzolans as 
sustainable material to confront with CO2 emission due to Portland cement (PC) product. The mechanical 
properties and durability of this concrete type have been investigated in terms of the factors influencing these 
two concrete properties. In this study, an attempt has been made on the compressive strength of the concrete 
mixtures composed of fly ash (FA) as partial or entire replacement of Type 2 Portland Cement (T2PC) with 
dosages of 0, 10, 20, 30, 50, 70 and 100%. The experimental tests were conducted for compressive strength 
at 7, 28, 90 days. Also, the effectiveness of curing period, chemical activator were concentrated by utilizing 
various molarity of alkaline solutions from 4.16M to 12.96M in this research given that the sodium silicate (SS) 
to sodium hydroxide (SH) by the weight ratio of 2.5 was constantly kept throughout the laboratory program in 
this study. The results indicated the compressive strength was  enhanced while increasing the value of FA as 
T2PC alternative up to 20% and exceed this amount, the significant reduction of concrete strength was notified 
which was associated with the relatively low balance of the ion amounts incorporating in the chemical and 
hydration reactions of concrete product.   
 
Keywords: Geopolymer Concrete, Fly Ash, Compressive Strength, Alkaline Solutions, Portland Cement 
 
  
 
 
1.   INTRODUCTION 
 
The inclusion of fly ash as a supplementary in 
concrete mixtures has been one of the main 
interests for the recent few decades due to its 
capability to develop the strength and durability of 
concrete as well as decrement of CO2 emission. 
Hence, a large number of investigations have been 
carried out in favour of this point to evaluate the 
efficiency of fly ash in the chemical reactions 
corresponding to cement hydration and pozzolanic 
mechanism. Indeed, fly ash does not participate in 
the reaction with water at initial hydration stage. 
Nevertheless, it is able to precipitate the rate of 
cement hydration because of filler effect (Moon et 
al., 2016). The filler effect improves cement 
hydration via seeding effects providing further 
nucleation sites in case of hydration products on 
filler surfaces leading to the increase of the effective 
water to cement ratio (W/C) ensuring adequate 
space for hydration product development (Bentz, 
2006).   
 
The cementitious compounds such as calcium 
silicate hydrate (C-S-H), calcium aluminate 
hydrates are formed approximately 7 days after 
mixing by the chemical reaction of calcium hydrate 
produced by Portland cement hydration along with 
the silicate in fly ash (Hewlett, 2003). Furthermore, 
the materials composed of rich sources of alumina 
(Al) and silica (Si) such as Kaolin, fly ash can be 
used as raw materials in presence of alkaline 
solutions (Hadi et al., 2019),  for instance silicates 
and hydroxides of alkalis in order to undergo 
polymerization reactions (Mehta and Siddigue, 
2016). In fact, the mechanism includes the chemical 
reaction of Al and Si with alkaline activator resulting 
in the formation of Si-O-Al-O as polymeric chains of 
3D ring structure (Duxsun et al., 2007). 
    
As for environment beneficial aspects, usage of fly 
ash in high dosage can help to decrease the value 
of Portland pastes needed for concrete projects 
resulting in the reduction of greenhouse gas 
emissions and fly ash is effectively recycled as an 
industrial by product. In a study by Sengul et al. 
(2005), the effect of fly ash as cement alternative (0-
70%) for improvement of compressive strength was 
studied. The results showed that the concrete 
mixtures with the utilization of fly ash had higher 
strength especially over longer time period (56 and 
128 days ages) in comparison with that without fly 
ash (Sengul et al., 2005). 
 
In regard to the differences between various types 
of Portland paste, it is urgent to point out that types 
ll and V are mainly designed in order to resistant 
against sulphate attack (Ghafoori et al., 2015). 
Sulphate attack is typically a significant 
phenomenon which causes severe damage to 
concrete structures due to chemical reaction 
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between hydration products of C3A and sulphate 
ions entering the concrete from outside environment. 
Consequently, the products generated from this 
reaction can create stresses leading to expand and 
then crack. Therefore, keeping the low content of 
C3A in Portland type ll is actually margin difference 
between type l and ll cement as it can commonly be 
seen that the Portland pastes meeting both 
designations will be labelled as Type l/ll (ASTM 
C150, 2015; ASTM D304-09, 2009; Kosmatka et al., 
2002; Shi et al., 2006).   
 
This study is confined to the use of low calcium fly 
ash based geopolymer concrete in which it was 
partially and totally utilized as the replacement of  
Portland type ll at 0, 10, 20, 30, 50, 100% in the 
curing condition to evaluate its effect on 
compressive strength at ages of 7, 28 and 90 days.        
 
2. Materials and Methods  
2.1. Materials 
  
In this study, low-calcium FA known as 450-N, 
(fineness category N, loss on ignition category B) 
based on BS EN 450-1 was used as aluminosilicate 
sources. The FA was supplied by CEMEX 
manufacture in which the details of chemical 
combination are shown in Table 1. SH and SS 
solutions prepared from VWR company with the 
density of 2.13 gr/cm3 (20ºC) were blended together 
as alkaline activator. The concentration of sodium 
hydroxide solution was variable from 4.16M to 
12.96M in the case of the mixes involving FA higher 
than 20% of Portland paste by weight, whereas the 
ratios of SS/SH and alkaline solution/FA (AS/FA) 
were kept constant for all concrete mixtures (Table 
2). The CEMll/A-L 32.5 R in accordance with BS EN 
197-1 was conducted as T2PC for this study.     
 
2.2. Concrete Mix proportions  
 
One hundred-eight specimens consisted of T2PC 
and FA were prepared to clarify the effects of main 
factors subjected to FA and alkaline solution on the 
compressive strength of this concrete type. These 
factors are FA content (0%, 10%, 20%, 30%, 50%, 
70%, 100%), and alkaline solution molarity (4.16M, 
7.13M, 10M, 12.96M). A labelling system was 
considered to clearly present the concrete mixes. 
Each mix was assigned four characters. The first 
two letters represent the inclusion of Portland and 
FA in concrete compound. Subsequently, the 
following two numbers represents the percentage of 
each cementitious material incorporating in 
concrete mixtures. For example, PF9010 means the 
binder comprised of 90% T2PC and 10% FA 
respectively.    
 
There were three series of experimental tests 
categorized based on curing conditions and values 
of alkaline solutions. In the first series, the effect of 
FA content on the strength of T2PC was assessed 
without using alkaline solution for all dosage of 0-
100% of FA inclusion in concrete specimens. In the 
second series, two different curing conditions 
including ambient temperature (21±2ºC) and oven 
heat (110ºC) with/without alkaline solutions were 
investigate in the case of the mix containing 30% FA 
to accurately achieve the optimal mix design for 
conducting the following tests involving higher than 
30% FA content. In the third series of laboratory 
tests, the effects of alkaline solutions were 
evaluated in terms of the mixtures utilizing FA 
dosages in the ranges of 30%, 50%, and 70% in 
order to compare with those in the first series. 
Gelenium 51 prepared from BASF company with 
dosage of 2.5% by cement weight (30ml) was used 
as superplasticizer in all concrete mixes, except for 
PF10000 and PF9010A. Further details of mix 
designs are exhibited in Table 3.   
 
Table 1. Chemical and physical characteristics for 
fly ashes to be used in concrete applications (SFS-
EN 450-1 and ASTM C 618) 
CHARACTERISTIC LIMIT VALUE (%) 
SFS EN 450-
1 
ASTM  
C618  
Loss on ignition at 
950°C 
A<5, B<7, 
C<9 
<6 
SiO2, Al2O3, Fe2O3 >70 F>70, 
C>50 
Chloride <0.1 -------- 
Sulfate as SO3 <3 <5 
Free CaO <1.5 -------- 
Tot. alkalis 
(Na2O+K2O) 
<5 -------- 
MgO <4 -------- 
P2O5 <5 -------- 
Fineness (45 µm) S<12, N<40 <34 
Activity index 
28 days 
>75 -------- 
 
 
Table.2. Mix proportion of alkaline solutions   
Mix SH 
(gr) 
SS 
(gr) 
Water 
(ml) 
SS/SH SH 
(M) 
AS/FA 
 
PF7030A 250 625 1500 2.5 4.16 0.25 
PF7030B 250 625 1500 2.5 4.16 0.25 
PF5050B 428 1070 1500 2.5 7.13 0.25 
PF3070B 600 1500 1500 2.5 10 0.25 
PF00100 830 1600 1500 2.5 12.96 0.25 
 
 
2.3. Testing Methods  
 
The test was conducted using an Avery Denison 
testing machine type 7226CB calibrated in 
accordance with BS EN ISO 7500-1:2004 standard 
and is traceable to UKAS. This standard includes 
determination of compressive strength of cube 
concrete specimens which is used to apply a 
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compressive axial load to molded concrete cubes at 
the rate of 5.7 kN/S until failure occurs. The 
compressive strength in all concrete mixtures is 
obtained by dividing the maximum load attained 
over the test, by the cross-section area of the 
concrete samples. The concrete cubes of 150 mm 
width and 150 mm length, cured in the curing 
conditions mentioned above, were examined after 
aging for 7, 28 and 90 days.  
 
Table.3. Mixture proportion of experimental 
concrete 
Mix CAg 
20 
Kg 
CAg 
10 
Kg 
FAg 
 
kg 
F
A 
 
Kg  
 
T2P
C 
 
Kg 
W 
 
(L
) 
PF10000 32.84 16.
4 
26.52 0 12 7.
2 
PF9010A 
 
32.84 16.
4 
26.52 1.
2 
10.
8 
7.
2 
PF9010B 32.84 16.
4 
26.52 1.
2 
10.
8 
6.
6 
PF8020 32.84 16.
4 
26.52 2.
4 
9.6 6 
PF7030A 32.84 16.
4 
26.52 3.
6 
8.4 6 
PF7030B 32.84 16.
4 
26.52 3.
6 
8.4 6 
PF7030C 32.84 16.
4 
26.52 3.
6 
8.4 6.
6 
PF5050A 32.84 16.
4 
26.52 6 
 
6 6 
PF5050B 32.84 16.
4 
26.52 6 6 5.
5 
PF3070A 32.84 16.
4 
26.52 8.
4 
3.6 5.
7 
PF3070B 32.84 16.
4 
26.52 8.
4 
3.6 4 
2PF00100 32.84 16.
4 
26.52 12 0 3 
CAg20: Coarse Aggregate 20 mm, FAg: Fine 
Aggregate 
CAg10: Coarse Aggregate 10mm, W: water 
 
3. Results and Discussions 
 
The experimental results associated with 
compressive strength were presented as the 
average of three cube specimens tested for each 
mixture at the ages of 7, 28, 90 days in Figure 1. 
The values of concrete strength were seen to be 
enhanced at all ages with the increment of fly ash 
up to 20% FA as the replacement of T2PC cement 
and beyond that, it steeply declined. The optimum 
value of 54.11 MPa was observed for the cubic 
specimens with 20% FA and 80% T2PC at 90 days. 
The increase in this peak point with the inclusion of 
20% FA is probably due to the additional chemical 
reaction of FA with the present  C-H molecules 
acquired from the hydration process of PC and H2O 
leading to the formation of calcium silicates in which 
the behavioural performance of C-S-H was simply 
explained in Part 1. It is worth to note that this 
compressive strength development can be 
observed as long as sufficient particles are present 
in the concrete content. Obviously, the deficiency of 
each chemical molecules such as calcium (Ca), 
silicate (SiO3), hydrate (H2O) can have a preventive 
role for the formation of polymeric chain of C-S-H 
resulting in disturbance of balance between the 
particles forming the chain, in which this factor can 
be justifiable in the reduction of compressive 
strength of concrete mixtures including fly ash 
higher than 20% without using alkaline solution. 
  
Also, the assessment of concrete strength results 
between the concrete mixtures with/without alkaline 
liquid showed that the higher values of compressive 
strength belonged to the concrete binders which 
had no alkaline solutions in their content up to 50% 
fly ash whereas the concrete mix involving 70% FA 
and SH with SS/SH ratio of 2.5 had higher 
compressive strength than that of concrete mix with 
70% FA and without alkaline solution. However, the 
obtained results for the range of 30-70% fly ash for 
the concrete mixes with/without alkaline solutions 
reflect a steeply reduction of compressive strength.  
 
 
Figure 1. Compressive strength of T2PC with FA 
inclusion as PC replacement at 7, 28, 90 days. 
 
4. Conclusions  
 
Over one-hundred concrete specimens were 
examined to evaluate the effects of FA and alkaline 
solutions on the development of T2PC compressive 
strength. The laboratory observations can be 
summarized as follows:  
 
The compressive strength of low calcium FA based 
geopolymer concrete is enhanced with the inclusion 
of FA as T2PC replacement up to 20% at all ages. 
The improvement in concrete strength was 
observed due to additional calcium available in the 
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chemical products formed by hydration mechanism 
which coexisted with the polymeric products 
alumina-silicate (Mehta et al., 2016).  
The concurrent usage of FA with the dosage exceed 
20% along with alkaline solutions significantly 
decreased the concrete strength due to the 
relatively lower balance in the formation of 
geopolymeric chains needed for high compressive 
strength as the amounts of calcium ion are not 
sufficient for this goal compared to the mixes 
containing FA in the range of 10-20% as T2PC 
alternative.   
Concrete specimens including 30% fly ash and 
alkaline solutions kept under the heat of oven 110°C 
for initial 24 hours as curing condition were found to 
have relatively low compressive strength among all 
concrete mixtures at all ages. Thus, the typical 
curing condition based on BS 1881 is strongly 
recommended in terms of the concrete binders 
consisting of T2PC and low-calcium FA up to 30% 
as cement replacement and beyond that, further 
considerations such as appropriate ratio of alkaline 
solution and using superplasticizer in which their 
chemical combinations compatible with polymeric 
products are suggested for this purpose.  
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ABSTRACT 
 
Cement is responsible for approximately 5% of all anthropogenic CO2 emissions in the world. It is possible to 
capture CO2 within cement via carbonation. The captured CO2 reacts with hydration products to form calcite 
minerals. Cement pastes naturally carbonates over time however this process is slow and is generally limited 
to the exposed surfaces. The aim of this research was to accelerate the carbonation in the initial stage of 
hydration to develop a high strength and less permeable material. Aluminosilicates were synthesised using 
sol-gel technology by varying sol-gel parameters. Faujasite was used as a bench mark material due to its well 
defined aluminosilicate structure and known capacity to capture CO2. This paper investigates the compatibility 
of the tailored aluminosilicates with the cement and subsequent changes in the cement paste morphology 
modified with 15% aluminosilicate used as a replacement for Portland cement. The studies have shown that 
the synthesized aluminosilicate (Na-T-10) have developed a denser morphology even at the initial stages ( 3 
and 7 day) indicating highly reactive nucleation sites that act as seeding agents for the production of porous 
C-S-H. Development of such highly reactive porous aluminosilicates has shown good potential for CO2 capture. 
High compatibility with cement paste is evident with the microstructural characterisation as though 15% of 
cement was replaced with the nano structured aluminosilicate. The materials have shown the development of 
C-S-H and portlandite which further suggests that these aluminosilicates are highly reactive in cement pastes. 
  
 
 
1.  INTRODUCTION 
 
Cement is responsible for approximately 5% of all 
anthropogenic CO2 emissions in the world. Statista 
Global in 2018 predicted that the consumption of 
cement is going to be 4.4 billion metric ton by 2020 
which will further increase to 4.8 billion metric ton by 
2030. Hence, the primary focus of sustainable 
material researchers is to reduce the carbon 
footprint and develop a sustainable cementious 
material.The major contributor of carbon dioxide 
emission in Portland cement is C2S and C3S. One 
of the major challenges faced by material scientists 
is to reduce the cement content at the same time 
maintain the strength of the cementitious paste. 
Calcium silicate hydrate (C-S-H) is the main 
hydration product of the clinker phase. The C-S-H is 
a nano porous gel which is the main constituent that 
impart strength to the harden cement. Over the 
years, several approaches have been taken so as 
to limit the clinker content by using supplementary 
cementitious material (SCM), chemical admixtures, 
graphene, fibre reinforced polymer (FRPs), zeolites 
and optimisation of amount and size of 
aggregates[1][2][3][4][5]. A recent approach to use 
CO2 within the cement mixes has shown to improve 
properties of cementitious material. For instance, 
use of CO2 in the curing stage has proven to reduce 
the setting time and increase the compressive 
strength[6] however there is a very small increase 
in compressive strength. Direct carbonation of 
cementitious materials to produce low carbon 
cementitious material has shown successful results 
in the development of carbon neutral 
cement[7][8][9][10]. However there are several 
drawbacks in terms of sophisticated mechanisms 
and also lack of comprehensive compatibility 
evidence. The use of CO2 is a new approach in the 
development of carbon neutral cement and opens 
endless possibilities in the field of concrete and 
cement technology. There are several debates on 
cement hydration, nano structure of the hydration 
products and drawbacks due to carbonation in 
cement. The idea of this research is to develop 
tailored aluminosilicates that can replace cement up 
to 15% and to study the respective change in the 
microstructure using advanced technology. The 
studies show that nano structurally controlled 
aluminosilicate has the potential to alter the 
microstructure of cement pastes and at the same 
time act as a carbon sink. These aluminosilicates 
after carbon capture could provide additional 
nucleation sites which can therefore act as a 
seeding agent for the production of calcite within the 
cement matrix creating a denser paste. The paper 
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also tries to identify how the alteration of the 
aluminosilicate nano structure change the 
microstructural properties of cement by 
benchmarking the difference with a known CO2 
adsorbent zeolite faujasite. The CO2 capture 
capacity is not discussed however the material 
capacity to adsorb CO2 was tested using a Hidden 
Intelligent Gravimetric Analyser (IGA-001) and the 
nanostructured aluminosilicate shows potential 
capacity in adsorbing CO2. 
 
 
2. EXPERIMENTAL  
 
SYNTHESIS OF ALUMINOSILICATES 
The aluminosilicates were synthesised using sol-gel 
technology. Tetraethoxysilane (TEOS) reagent 
grade 98% supplied by Sigma-Aldrich, 99%, 
supplied by Fisher Scientific were used as the silica 
precursors and aluminium nitrate nonahydrate 
(ANN) with 99.99% purity supplied by Fisher 
Scientific was used as the alumina precursor. 
Sodium hydroxide was used as a base catalyst. The 
molar ratios of the materials are presented in Table 
1. In the nomenclature, the number 10 stands for 
10% Al2O3 and the prefix T is when TEOS is used 
as the silica precursor. The synthesis was carried 
out for 72 hours followed by controlled heating at 
100℃ for 12 hours. The samples were filtered with 
water and further dried at 100℃ for 24 hours.  
The zeolite synthesised was faujasite (FAU Linde 
Type Y) following the well-established synthesis 
procedure of David Ginter[11]. Faujasite mixes were 
designated as FAU-Y. The synthesised 
aluminosilicates and FAU-Y were characterised 
using transmission electron microscopy (TEM), field 
emission scanning electron microscopy (FE-SEM), 
powdered X-ray diffraction (XRD), nitrogen 
adsorption (NAD) and thermal gravimetric analysis 
(TGA) 
 
Table 1: Formulation and parameters for sol-gel 
synthesis 
Designatio
n 
TEOS 
(mols
)  
APTE
S 
(mols) 
ANN 
(mols
) 
H2O 
(mols
) 
NaOH 
(mols
) 
T-10 1 - 0.2 16.5 - 
Na-T-10 1 - 0.2 4.5 0.5 
 
CEMENT PASTE MIXES WITH 
ALUMINOSILICATES 
 
CEM1 (BS EN 197-1:2011) was used for studying 
the compatibility of the additives and changes in the 
microstructure. 15% of cement was replaced by the 
synthesised aluminosilicate and FAU-Y. The water 
to cement ratio (w/c) was 0.5. The cement pastes 
were cast in prismatic moulds of size 160mm x 
20mm x 10mm. They were demoulded after 24 
hours and were cured in water tanks at 20℃. The 
samples were cured for 3, 7 and 28 days and 
crushed at respective ages followed by passing 
through 125µm sieves. The samples were 
characterised microstructurally using SEM, TGA 
and XRD. All cement paste samples (Table2) follow 
the same designation as presented in Table 1 with 
an added prefix ‘C’ where ‘C’ stands for cement. 
 
 
Table 2: Mix design for cement pastes. 
 
Design
ation 
Cement  Aluminosi
licate 
w/c Dosage( % 
by mass of 
dry cement) 
Control CEM1 - 0.5 15 
FAU-Y-
C 
CEM1 FAU-Y 
0.5 
15 
T-10-C CEM1 T-10 0.5 15 
Na-T-
10-C 
CEM1 Na-T-10 
0.5 
15 
 
MICROSTRUCTURAL CHARACTERISATION AND 
TESTING OF THE CEMENT PASTE 
The phase composition of portlandite, ettringite and 
C-S-H of the materials were analysed using XRD 
and TGA. The compositional analysis was carried in 
the powder form (< 125 μm). Morphological 
changes were investigated using FE-SEM. The 
sample preparation followed the same protocols as 
elsewhere[12]. 
 
3. RESULTS AND DISCUSSION  
 
MATERIAL CHARACTERISATION 
 
The structure of aluminosilicates were tailored by 
varying the sol-gel parameters, such as the base 
catalyst, in order to evaluate how the overall 
structure and composition of the aluminosilicate 
improved the microstructure of cement and 
subsequent CO2 capture. FAU-Y is a well known 
form of crystalline zeolite. Na-T-10 has developed a 
semi-crystalline structure with nitratine framework 
and aggregated clusters of amorphous 
aluminosilicate, unlike T-10 which is completely 
amorphous. The XRD image in Figure 1 shows 
sharp peaks of Nitratine (NaNO3) peaks in Na-T-10. 
 
Figure 1: XRD of Na-T-10 and T-10 highlighting the crystalline 
peaks of NaNO3 formed in Na-T-10 
 
The TEM of Na-T-10 in Figure 2, confirmed the 
crystalline framework of nitratine around the 
amorphous aluminosilicate particles of Na-T-10. 
This crystalline framework might have activated the 
formation of additional nucleation sites in the 
cement which led to formation of nano porous C-S-
H pastes discussed further ahead. 
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Figure 2: TEM of Na-T-10 highlighting the outer crystalline 
framework of NaNO3. 
 
The surface area analysis (Table3) using NAD 
showed high surface area and porosity for the 
synthesised sol-gel aluminosilicate which enhanced 
the CO2 capacity of the material. 
 
Table 3: Surface area of sol-gel based aluminosilicates. 
Material Surface Area (m2/g)  
T-10 454.15 
Na-T-10 276.17 
 
MICROSTRUCTURAL ANALYSIS OF CEMENT 
REPLACED BY ALUMINOSILICATE 
 
The DTG test (Figure 3) shows the loss of bound 
water content from over a wide range between 40℃ 
to 200℃. The decomposition of portlandite in the 
range of 400℃ to 600℃. The difference between 
the 3 and 7 days are not significant and therefore 
only 7 days aged samples are presented. In this 
paper initial changes in the microstructure is 
analysed.  
From the DTG curves a sharp dip is seen at around 
130℃ which indicates the probability of well-
structured Na-T-10 acting like a seeding agent and 
by creating reactive nucleation sites that has formed 
a nano porous C-S-H. 
 
Figure 3: DTG of 7 day specimens 
 
Though the XRD (Figure 4) and SEM images 
(Figure 5) picks up unreacted zeolite crystals along 
with the unreacted clinker content, the structured 
aluminosilicates has created reactive sites and 
formed comparable amount of hydration products 
which is validated with the SEM images. 
 
 
 
Figure 4: XRD of 7 day aged specimen. 
 
From Figure 5 it is evident that addition of 
aluminosilicates has changed the morphology of the 
hydration products. The refinement of structure of 
aluminosilicate increases the potential of creating 
additional nucleation sites. In Figure 5-C, the 
clusters C-S-H has aggregated over the portlandite. 
It is interesting to see that the portlandite is hidden 
in the clusters of C-S-H structure in the paste and 
this is a repeating phenomenon throughout the 7 
day aged pastes (Figure 6). For the control sample 
(Figure 5-A) shows less clusters of C-S-H and the 
correspondent DTG curve (Figure3) shows a higher 
content of portlandite T-10-C and zeolite based 
cement pastes in the initial ages have shown much 
less of the hydration by-product (portlandite). 
However the morphology of the specimen T-10-C is 
showing significant changes in the structure of the 
hydration products indicating the possibility of T-10 
particles being highly reactive due to its high surface 
area (Table 3). 
 
 
 
Figure 5: SEM of 7day aged specimens. A.Control, B. FAU-Y-C, 
C. Na-T-10-C, D. T-10-C. 
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Figure 6: Portlandite covered inside C-S-H shell of Na-T-10-C. 
 
CONCLUSIONS 
 
The microstructural analysis shows that different 
synthesis routes yield different aluminosilicate 
structures which in turn impart different 
microstructure properties. Though 15% of cement 
was replaced by mass, by both zeolite and the two 
sol-gel aluminosilicates, comparable dense 
morphology was formed. This indicates that the 
aluminosilicates create reactive nucleation sites for 
formation of the nano porous C-S-H gel, which has 
the potential to act as sites of CO2 storage or calcite 
deposit, however further studies are needed to 
confirm this. The synthesised porous 
aluminosilicates have also shown reasonable CO2 
capture capacity which is not explained in the paper 
due to restriction in content. From the analysis, it is 
evident that nano porous C-S-H network was more 
developed than the control proving the compatibility 
of the synthesised material. Furthermore, the 
structurally controlled Na-T-10 aluminosilicate has 
shown the potential to develop more reactive sites 
therefore it can act as a seeding agent to form C-S-
H networks. The findings so far suggest that the 
synthesised aluminosilicates are compatible with 
cement and act as suitable candidates for CO2 
capture due to its porous nature. However, more 
research is under way to study the compatibility of 
the CO2 capturing by these sol-gel synthesised 
porous aluminosilicate and the interactions between 
the adsorbents and cement paste at physical and 
chemical scales. This area of research is highly 
innovative and requires further analysis as the 
CaCO3 formation is activated through development 
of highly nano porous C-S-H network. 
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ABSTRACT 
 
Composite cements based on ternary systems of blast furnace slag, limestone and Portland cement have 
been studied extensively. These materials offer significant environmental savings compared with slag cement 
systems. Limestone plays a key role in stabilizing monocarboaluminates and consequently ettringite by 
reacting with additionally dissolved aluminates and increasing the overall degree of reaction of slag. In order 
to maximise the environmental potential of these cements, the present study centres on producing composite 
cements without Portland cement, using instead a near-neutral salt activator, sodium sulfate. There is a good 
consensus that sodium sulfate activated slag cements can develop good mechanical properties. These 
systems also reach alkalinities comparable to those of Portland cement based cements, which make them an 
attractive alkali-activated alternative, as their use does not pose additional health and safety hazards, as it is 
the case when using conventional alkali-activators such as hydroxides and silicates.   
 
In this study two slags were activated with sodium sulfate using different amounts (0, 5 and 10 wt.%) of 
limestone powder as replacement for slag. Kinetics of reaction were determined in fresh pastes using 
isothermal calorimetry. Characterisation of hardened pastes was conducted using X-ray diffraction, and solid 
state 27Al MAS nuclear magnetic resonance spectroscopy. Results reveal that after 7 days of curing, limestone 
is acting as filler as reaction of this material was not identified. However, as reaction progresses slight changes 
in the phase assemblages were detected, which could be an indication of limestone dissolution. 
 
INTRODUCTION  
Alkali activated materials have been increasingly 
investigated over the past decades, gaining interest 
as low carbon cements for producing concretes. 
Produced from aluminosilicate precursors, alkali-
activated cements are now commercialised in 
several countries and are being produced on an 
industrial scale (Provis et al. 2014).  Activating 
solutions such as hydroxides, alkali silicates or a 
combination of both are used for the activation of 
slags. However, the high pH of these substances 
make them corrosive, viscous and thus difficult to 
handle. Alongside this, these activators can be 
costly and energy intensive to manufacture and 
cannot be naturally sourced (McLellan et al., 2011). 
Other activating solutions can be used for producing 
these cements, one of the most promising being 
sodium sulfate (Na2SO4). This is an environmentally 
friendly activator, which is naturally found as 
thenardite – an anhydrous Na2SO4 – and mirabilite 
(Na2SO4.10H2O) (Provis et al. 2014). Sodium 
sulfate is known as a near-neutral salt with a pH of 
7.  The utilisation of this salt has many technical 
advantages, including production of cements with 
alkalinities comparable to those of conventional 
Portland cements, reducing the risks associated 
with handling of alkaline activators. Near-neutral 
salt activated slag cements also present an 
increased workability of the fresh state paste 
compared to alkali silicates (Bernal 2016), hence 
reduced water contents are required to achieve 
desirable workability.   
 
Limited research has been done on activated slags 
using Na2SO4 due to the concern of slow early age 
strength development (Bernal et al. 2014). However, 
these systems can reach a 28-day mechanical 
strength comparable to NaOH activated slags (Shi 
et al. 2006). In addition, compared to Portland 
cement, Na2SO4 activated slags are able to resist 
degradation caused by exposure to elevated 
temperatures (up to 600C) (Rashad et al. 
2012). Also, these cements have great potential to 
be used for specialised applications including 
immobilisation of sulfate bearing nuclear wastes 
(Mobasher et al. 2013).   
 
The majority of blast furnace slag that is currently 
produced is already used by the construction 
industry. Consequently, there is a need to develop 
mix designs inspired by Portland cement, slag 
and/or calcined clays with limestone composites. 
These systems develop desirable properties and 
are attracting significant attention as the one of the 
most sustainable and long-term solutions for 
reducing the environmental footprint associated 
with the construction industry (Juenger et al. 2019). 
In this study composite cements were produced 
using blast furnace slag and limestone, blended 
with sodium sulfate instead of Portland cements. 
Kinetics of reaction were determined by isothermal 
calorimetry, and phase assemblage evolution was 
determined using X-ray diffraction, and solid state 
27Al MAS nuclear magnetic resonance (NMR) 
spectroscopy.  
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EXPERIMENTAL METHODOLOGY 
 
Materials and sample preparation 
Two commercial slags and limestone were used for 
producing the cements evaluated. Table 1 shows 
the chemical composition of these materials. 
Particle size distribution of the anhydrous slags 
were comparable with an average d50 of 11.7 m 
slag 1 (S1) and 12.5 m slag 2 (S2) respectively. 
The limestone used in this study was slightly 
coarser than the slags, with a d50 of 15.3 m.   
 
Table 1. Oxides composition of blast furnace slag 
and limestone determined by X-ray fluorescence. 
LOI correspond to loss on ignition at 900 C 
Oxides 
Slag 1 
(wt.%) 
Slag 2 
(wt.%) 
Limestone 
(wt.%) 
CaO  43.64 44.44 53.91 
Al2O3  11.25 9.77 0.93 
SiO2  33.59 35.73 2.19 
MgO  5.4 6.27 0.74 
SO3  3.3 1.63 0.18 
Others 2.56 2.09 0.63 
L.O.I. - 0.07 41.42 
 
The activating solution was produced by dissolving 
anhydrous sodium sulfate (Alfa Aesar, 99%) in 
deionized water at 40C, being dispensed with an 
accuracy of +/- 1mL until complete dissolution was 
reached. This solution was then used after it 
reached room temperature. Anhydrous slag and 
limestone were homogenized using the Roller Ball 
Mill Capco Ball Mill Jar 2VS for 3 hours, and then 
mixed with the activating solution. Mix design of the 
cements produced is shown in Table 2.  
 
 Table 2. Mix design of sodium sulfate activated 
composite cements 
Sample 
ID 
Slag 
1 (g) 
Slag 
2 (g) 
Limestone 
(g) 
Na2SO4 
(g) 
100%-
S1 
100 - 0 
8 
95%-S1 95 - 5 8 
90%-S1 90 - 10 8 
100%-
S2 
- 100 0 
8 
95%-S2 - 95 5 8 
90%-S2 - 90 10 8 
 
All pastes were produced with a binder (slag + 
limestone + anhydrous sodium sulfate)/ water ratio 
of 0.40, and an activator dose of 8g Na2SO4 per 100 
g of slag. These activation conditions were selected 
based on previous studies by the authors for similar 
systems (Bernal 2016). Paste samples were poured 
and cured in sealed 5mL centrifuge tubes in a water 
bath at 21C until testing (up to 28 days). 
 
Test conducted 
Fresh pastes were produced by mixing the 
slag/limestone blend with the activating solution. 
Once a homogeneous mix was reached 9.0g of 
paste were poured in plastic ampoules and 
immediately placed inside a TAM Air Calorimeter at 
20 ± 0.02C for 16 days. 
 
After 7 and 28 days of curing hardened samples 
were ground and immediately characterised without 
any solvent exchange treatment to arrest hydration, 
minimise disturbance of hydrated phases. X-ray 
diffractograms were collected using a PANalytical 
MPD Pro on freshly ground samples backfilled into 
sample holders. A CuK anode was used operating 
at 40kV and 40mA equipped with an X’Celerator 
detector over a range of 5-80°2 with a step size of 
0.0334°. A 10mm incident beam mask was used 
with automatic incident divergence and fixed anti-
scatter slits. All data was acquired in the continuous 
scan mode. Corundum was used as a reference 
standard. Data analysis was performed using 
TOPAS Academic software v4.2. 27Al MAS NMR 
spectra were collected using a Bruker Avance III HD 
spectrometer with a 400 mHz wide bore magnet 
(magnetic field 9.4T), with an operating frequency of 
104.3mHz, using a zirconia rotor and spun at 
20000Hz in a 2.5mm solid-state MAS probe. 
 
RESULTS AND DISCUSSION 
 
Kinetics of reaction 
Significant differences in the heat flow released are 
identified (Figure 1) as a function of slag chemistry. 
For S1 cements, an acceleration/ deceleration 
period is identified within 48 hours after mixing. A 
comparable degree of reaction was observed for 
these cements independently of the amount of 
limestone in the mix. Conversely, cements 
produced with S2 show an induction period of up to 
4 days after mixing, and reduced degrees of 
reaction compared with cements produced with S1. 
The substitution of 5% of slag by limestone does not 
induce noticeable changes in the kinetics of reaction. 
Replacements of 10% slag by limestone accelerate 
the kinetics of reaction of S2 cements, although the 
overall degree of reaction after 15 days is 
comparable to that observed in cements with 
reduced limestone contents. 
 
The differences in reaction kinetics are mainly 
attributed to differences in slags chemistry, as their 
particle size distribution and crystallinity are 
comparable. S1 has a higher content of Al2O3 than 
S2, which might be leading to the faster formation of 
Al-bearing phases in these systems. This is 
consistent with findings reported for silicate 
activated slags where higher contents of Al2O3 lead 
to faster reaction kinetics (Ben Haha et al. 2012). 
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Figure 1. Isothermal calorimetry curves of sodium 
sulfate activated composite cements 
 
S1 also presents a much higher content of SO3 than 
S2. The role of sulfates/ sulfides within the slag in 
the kinetics of reaction of alkali-activated systems 
needs investigation, as it is unknown how this might 
affect how the reaction proceeds. In the case of S2 
cements, the faster reaction identified in mixes 
containing 10% limestone is likely a consequence of 
the increased concentration of activator per gram of 
slag activated.  
 
Mineralogical characterization 
All mix designs show (Figure 2) similar diffraction 
patterns, with a broad reflection centred around 30° 
2θ, consistent with the diffusive scattering 
characteristic of the anhydrous slag, as well as 
formation of a poorly crystalline calcium silicate 
hydrate (C-S-H) typically identified in sodium sulfate 
activated slag cements (Mobasher et al. 2016). The 
main crystalline phase identified in all mixes was 
ettringite (3CaO·Al2O3·3CaSO4·32H2O; powder 
diffraction patterns (PDF) # 041-1451) whose 
intensity does not seem affected by the amount of 
limestone in the system. As expected, an increased 
limestone replacement induces higher intensity 
peaks assigned to calcite. The main difference 
between diffraction patterns of specimens with 7 
and 28 days of curing is the intensity of ettringite 
peaks, which is higher at later curing ages. This is 
consistent with the progressive activation reaction 
at extended curing times. 
 
Formation of AFm phases such as monocarbo- or 
hemicarboaluminates was not identified in these 
cements, conversely to those typically observed in 
composite cements containing limestone (Adu-
Amankwah et al. 2017). This indicates that 
dissolution of limestone is not occurring in the 
composite cements produced with sodium sulfate, 
at least during the first 28 days of curing.  
 
 
Figure 2. X-ray diffractograms of 28 day cured 
Na2SO4 activated composites cements produced 
with (A) S1 and (B) S2 slags. E - ettringite;              Ca 
– calcium carbonate and C-S-H – calcium silicate 
hydrate 
 
In Na2SO4 alkali activated slags traces of 
hydrotalcite are often observed (Mobasher et al. 
2016) (Rashad et al. 2013). However, the formation 
of crystalline hydrotalcite type phases is not 
identified in any of the composite cements 
evaluated here. It is likely that the limited amount of 
Al2O3 within these systems is exhausted rapidly 
through the formation of ettringite, limiting formation 
of AFm type phases and/or poorly crystalline 
layered double hydroxides.  
 
27Al MAS NMR spectra of 28 days cured composite 
cements show (Figure 3) that upon Na2SO4 
activation, the AlVI region exhibits a resonance at 
14.75 ppm assigned to ettringite (AFt), consistent 
with that observed by X-ray diffraction (Figure 2). 
The intensity of this band changes as a function of 
slag chemistry being more intense in cements 
produced with S1 slag. Two additional resonances 
at 11.15 ppm and 5.35 ppm are assigned to AFm/ 
LDH type phase (often hydrotalcite) and a third 
aluminate hydrate phase (T) (Mobasher et al. 2016) 
respectively. Despite these phases not being 
observed by X-ray diffraction, NMR spectroscopy 
reveals that traces of these phases are present in 
the assessed cements, most likely with a poorly 
crystalline structure. Composite cements produced 
with S2 show an enhanced peak at 11.15 ppm 
indicating a higher percentage of AFm/LDH phases, 
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which can be attributed to the increased MgO 
content in S2.  
 
 
Figure 3. 27Al MAS NMR spectra of 28 days cured 
composite cements produced with (A) S1 and (B) 
S2 slags. E - ettringite, HT- hydrotalcite, T- third 
aluminate hydrate 
 
The tetrahedral Al environments in the AlIV region 
cannot be assigned to a single phase and partly 
correspond to the remainder of unreacted slag in 
the cements, and to the Al substituted in C-S-H type 
gels forming upon alkali-activation.  
 
CONCLUSIONS 
 
The slag chemistry influences the kinetics of 
reaction of composite cements activated with 
sodium sulfate. Cements produced with a slag with 
higher Al2O3 reacts faster. In the slag with less Al2O3, 
10 wt.% limestone replacement accelerates the 
reaction kinetics, associated with an increased 
concentration of activator per gram of slag activated.  
 
In all systems the main crystalline reaction product 
identified was ettringite. Negligible limestone 
dissolution was observed up to 28 days of curing, 
indicating that limestone is mainly acting as a filler. 
27Al MAS NMR results indicate that formation of 
poorly crystalline AFm/HT type phases is occurring 
particularly in cements produced with S2, hence, 
further investigation of these cements will be 
conducted at extended curing times to elucidate if 
dissolution of limestone might be favoured once the 
sulfates in pore solution are depleted.  
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ABSTRACT 
 
The physical and chemical interaction between CO2 and cementitious materials is referred to as carbonation, 
and is considered one of the main threats to our built environment. In alkali-activated materials, carbonation 
reactions can lead to significant changes in phase assemblages, an increase in porosity, and a loss in 
mechanical strength; however, the kinetics of carbonation are strongly dependent on factors controlling phase 
assemblage evolution in these systems, such as the type of precursor used in their production, the nature and 
amount of the activator utilised, and the curing conditions adopted. In this study the structural changes of 
sodium carbonate activated slag cements induced by accelerated carbonation under controlled exposure 
conditions (1% CO2, 65% relative humidity and 23C) are evaluated. The results are compared with those 
obtained for specimens exposed to natural carbonation conditions, to identify any changes in the type of 
carbonation products forming, as a function of CO2 concentration. Conversely to what has been reported for 
silicate activated slag systems, when using sodium carbonate as activator, negligible carbonation of the 
specimens is identified upon natural or accelerated carbonation. The outcomes of this study demonstrate that 
the development of highly durable and carbonation resistant alkali-activated cements is feasible when using 
sodium carbonate as the alkali source.  
 
 
1. INTRODUCTION 
 
Carbon dioxide concentrations are the highest 
recorded in human history at present. This poses a 
significant threat to our cement-based built 
environment, as CO2 once enters a concrete, it 
dissolves in pore water leading to an acid-base 
reaction known as carbonation (Fernandez-Bertos 
et al. 2004). In Portland cement systems, the 
formation of Ca(OH)2 buffers the carbonation 
reaction. As the Portland cement fraction in 
concretes is reduced by addition of supplementary 
cementitious materials (SCMs), the content of 
Ca(OH)2 is depleted by the pozzolanic reaction. 
This increases the carbonation susceptibility of 
SCMs containing concretes (Papadakis 2000). 
These is of great concern as most modern 
concretes contain high volumes of SCMs. 
Carbonation of concretes with SCMs reduced their 
mechanical strength, increases their porosity, in 
addition to reducing the internal pH of the concrete 
(Bucher et al. 2017). This reduces the ability of the 
concrete cover to protect the steel from corroding, 
and can reduce the service life of reinforced 
concretes.   
 
Alkali activated cements are Portland clinker-free 
systems, produced by the chemical reaction of an 
alkali-activator and an aluminosilicate source 
(Provis 2014). For these alternative cements, 
carbonation is one of the main durability concerns 
for their use in structural application. However, the 
carbonation rates reported for these systems vary 
significantly under small modifications of the 
precursors used for their production, the type of 
activator added, and the carbonation exposure 
conditions adopted (Bernal et al. 2014). The large 
number of variables that influence performance 
poses a great challenge to elucidate the role of 
different factors in carbonation performance of 
alkali-activated cements.  
Recent studies demonstrated that it is possible to 
produce carbonation resistance alkali-activated 
cements using sodium carbonate as activators (Ke 
X., et al. 2018). This as consequence of the phase 
assemblage of these cements, which favours CO2 
uptake without modifying the mechanical 
performance of the specimens. In this study, the 
phase assemblages of solid paste cylinders upon 
exposure to natural carbonation for 6 months, in a 
laboratory environment, are reported. Results are 
compared to those of accelerated carbonation 
specimens exposed to 1 %CO2(eq), at a relative 
humidity of 65% and room temperature (21C). 
 
2. EXPERIMENTAL PROGRAMME 
 
2.1. Materials and sample preparation 
 
A commercial ground granulated blast furnace slag 
was used, containing CaO (41.3 wt.%), SiO2 (36.0 
wt.%), Al2O3 (11.3 wt.%), and MgO (6.5 wt.%). This 
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slag had a Blaine fineness of 5056 ± 22 cm2/g 
(average value of four measurements), and an 
average particle size d50 of 11.2 ± 0.1 µm 
determined using laser diffraction. The activating 
solution was prepared by pre-dissolving commercial 
sodium carbonate powder (Sigma Aldrich, Na2CO3 
≥ 99.5%) into distilled water. Sodium carbonate-
activated slag pastes were produced with an 
activator dose of 8 g Na2CO3 per 100 g slag, and a 
water/(slag+Na2CO3) mass ratio of 0.40. Pastes 
were mixed using an overhead mixer with a high-
shear blade, cast in centrifuge tubes, then sealed 
and stored at room temperature (20 ± 3 C) until 
testing. 
 
2.2. Response to CO2 exposure 
 
Cylinder samples cured for 28 and 180 days were 
exposed to 0.04% CO2, described as naturally 
carbonated, and elevated carbonation conditions 
(1.0 ± 0.2% CO2), described as accelerated 
carbonated. Under both carbonation conditions, 
temperature and relative humidity were controlled at 
20 ± 2 ºC and 65 ± 5%. The carbonation depth was 
determined by spraying a 1 wt.% phenolphthalein 
solution onto a freshly split surface. Fuchsia colour 
indicates a pH > 10, while no colour is associated 
with a reduced pH (< 8). 
 
Paste specimens from the non-carbonated core and 
the carbonated edge of the sample were analysed, 
with the aim to account for the structural evolution 
taking place in these cements as they continued to 
mature during the period of CO2 exposure. 
Specimens were analysed through: (i) X-ray 
diffraction (XRD), using a Bruker D2 Phaser 
instrument with Cu-Kα radiation and a nickel filter, a 
step size of 0.02° and a counting time of 1 s/step, 
from 5° to 55° 2θ; and (ii) thermogravimetry-mass 
spectroscopy (TG-MS), in a Perkin Elmer TGA 4000 
instrument coupled with a Hiden mass spectrometer: 
30 mg of sample was tested from 30°C to 1000°C 
at a heating rate of 10°C/min, under nitrogen flowing 
at 40 mL/min.  
 
3. RESULTS AND DISCUSSION 
 
3.1. Carbonation profile 
 
A sharp carbonation front was not identified, either 
in naturally or accelerated carbonated specimens. 
Instead, changes in colour along with severe 
cracking were observed (see Table 1). These 
results are consistent with other studies 
(Nedeljković et al. 2018) identifying a correlation 
between light grey regions, and the colourless 
regions observed after spraying of the 
phenolphthalein indicator. Changes in colour from 
dark green to light grey of slag-based specimens 
are associated with the oxidation of sulfides present 
in the slag as oxygen enters the material (Chaouche 
et al. 2017).   
 
Table 1. Photographs of specimens exposed to 1% 
CO2(eq) for 14 days. All samples have a 15.5 mm 
diameter 
 
Curin
g age 
No 
indicator 
With 
indicator 
 
 
28 
days 
  
 
 
 
180 
days 
  
 
After 6 months of natural carbonation all samples, 
independent of the curing time, presented a few 
millimeters of light grey areas. Conversely, when 
exposing cylinder specimens to accelerated 
carbonation, significant differences were observed, 
when samples were cured for 28 or 180 days prior 
to CO2 exposure. 28-day cured samples were 
completely carbonated after 14 days of 1% CO2 
exposure, exhibiting significant cracking, while 
those cured for 180 days presented just a few 
millimeters of colouration/alkalinity change (Table 1). 
These results highlight that extended curing times 
improves the resistance to carbonation of sodium 
carbonate activated slag cements. This is likely due 
to densification of the material as reaction 
progresses, as well as formation of an increased 
fraction of reaction products with the ability to 
chemically bind CO2 at extended curing times (Ke et 
al. 2018). 
 
3.2. X-ray diffraction 
 
X-ray diffraction patterns of 28-day cured 
specimens after 7 days of natural and accelerated 
carbonation are shown in Fig. 2. Similar phase 
assemblages are observed at the edge and centre 
of the tested cylinders according to the carbonation 
exposure conditions. In the case of accelerated 
carbonated specimens, this is consistent with the 
total carbonation of the samples (Fig 1); however, 
as naturally carbonated specimens presented clear 
‘carbonated’ and ‘non-carbonated’ regions it was 
expected that there would be more significant 
differences in the phase assemblage evolution 
between the edge and centre of the specimens. 
This indicates that even under natural carbonation 
conditions, some degree of carbonation will occur in 
the core of highly dense samples. 
 204 
 
 
Prior to carbonation, the main crystalline phases 
identified are an aluminum substituted calcium 
silicate hydrate (powder diffraction file (PDF) # 00-
019-0052), along with a layered double hydroxide 
with a hydrotalcite type structure (PDF# 00-014-
0525). Traces of the calcium carbonate polymorphs  
vaterite (PDF# 00-033-0268) and calcite (PDF# 00-
005-0586) were identified in non-carbonated 
samples, most likely as a consequence of 
weathering of the samples during testing, as these 
phases were not observed in the anhydrous slag 
(Ke et al. 2018) prior to mixing.  
 
 
Fig 2. X-ray diffractograms of 28 d cured sodium 
carbonate activated slag cements carbonated under 
natural and accelerated conditions, where the 
following phases are present: Hc-
hemicarboaluminate, HT – hydrotalcite, Ga – 
gaylussite, C – calcite, V- vaterite, Cs – calcium 
silicate hydrate 
 
Upon carbonation all samples exhibit formation of 
hemicarboaluminate (PDF # 00-036-0129), along 
with increasing intensity of reflections 
corresponding to vaterite and calcite, consistent 
with the decalcification of C-A-S-H type gels, 
observed in previous studies in carbonated alkali-
activated slag cements (Ke et al. 2018). In the case 
of accelerated carbonated pastes, it is clear that 
there is a sharpening of the C-A-S-H reflection, 
along with a reduction in intensity of the diffusive 
scattering. Formation of the calcium carbonate 
polymorphs aragonite (PDF # 00-041-1475) was 
solely observed under accelerated carbonation 
conditions. Aragonite was not identified as a 
carbonation product in cements with comparable 
chemistry tested using powdered samples (Ke et al. 
2018). This indicates that the carbonation reaction 
products change depending on testing solid or 
powdered samples, due to differences in internal 
relative humidity and CO2 concentrations in the 
tested specimens.  
In naturally carbonated specimens gaylussite (PDF 
# 00-021-0343) is observed. Higher intensity 
reflections of hydrotalcite and gaylussite were 
identified at the edge of the sample. Gaylussite has 
been identified as a reaction product forming at 
early age (<7 d) in sodium carbonate activated slag 
cements (Bernal et al. 2015). The fact that this 
phase is present in aged samples, after natural 
carbonation, might indicate that this phase is not 
fully dissolved at longer curing times. Instead, what 
might be changing over the time of curing is its 
crystallinity.  
 
3.3. Thermogravimetry analysis 
 
The derivative of the mass loss, along with mass 
spectrometry results, for samples after 7 days of 
natural and accelerated carbonation are shown in 
Fig 3. The mass loss below 200C is mainly 
attributed to removal of water loosely bound to the 
hydrated products forming in these cements, 
including a C-A-S-H type gel. The distinct shoulder 
observed at 133 C is attributed to dehydration of 
LDH type phases, mainly hemi- and  
monocarboaluminates (Lothenbach et al. 2008), as 
observed by XRD (Fig. 2). In accelerated 
carbonated specimens, significant mass losses 
between 200 and 650 C are identified, consistent 
with the decarbonisation of the different calcium 
carbonate polymorphs present in these specimens.  
 
Fig 3. Derivative of the mass loss and mass 
spectrometry results for sodium carbonate activated 
slag pastes exposed to natural and accelerated 
carbonation 
 
Slight differences in mass loss were identified 
between 200 and 400 C in accelerated carbonated 
samples collected from the edge and from the 
centre of the solid tested specimens. This is 
consistent with the observed differences in the XRD 
reflections corresponding to aragonite and vaterite 
(Fig 2). This indicates that at the surface of the 
samples formation of aragonite prevails over other 
calcium carbonate polymorphs, despite the fact that 
it is expected that the CO2 concentration at the edge 
of the sample is higher than in the centre of the 
specimens. 
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Although some carbonation products were identified 
by XRD (Fig 2) in naturally carbonated pastes, in 
both the edge and centre of the specimens, the 
thermogravimetry results indicate that these phases 
are presented in negligible amounts. This indicates 
that the evaluated specimens did not experience 
significant carbonation after 7 days of CO2 exposure 
under natural conditions, consistent with the 
observed by Ke et al. (2018). In that study it was 
concluded that sodium carbonate activated 
cements have the ability to withstand exposure to 
CO2. 
 
4. CONCLUSIONS 
 
Significant differences in carbonation progress are 
identified in alkali-activated slag specimens with 
different curing durations prior accelerated 
carbonation testing. This is likely consistent with the 
densification of the specimens as reaction 
progresses, and formation of larger fraction of     
CO2-binding phases (e.g layered double hydroxides) 
takes place. These results highlight that resistance 
to carbonation of sodium carbonate activated slag 
cements significantly improves as the material ages.  
 
Different carbonation reaction products were 
identified in specimens exposed to natural or 
accelerated carbonation conditions. Vaterite and 
calcite are the main carbonation reaction products 
observed under natural carbonation conditions, 
along with gaylussite, which seems to be a 
carbonation product of the pore solution. At high 
CO2 concentrations, the three calcium carbonate 
polymorphs were observed, where aragonite seem 
to be the main carbonate forming at the surface of 
the specimens.  
 
These results elucidate for sodium carbonate 
activated slag cement that the type and amount of 
carbonation products forming under natural and 
accelerated carbonation conditions are different. 
The evaluation of paste monoliths instead of 
powdered samples also reveals the strong effect of 
CO2 gradients within the sample, and/or changes in 
internal humidity from the surface of the centre of 
the specimens, leading to formation of different 
types and amounts of carbonation products. It is 
thus recommended for microstructural studies to 
involve the evaluation of solid samples so that 
phase assemblage changes likely to occur during 
service can be more accurately identified. 
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ABSTRACT 
 
Exposed to cyclic freezing and thawing, saturated concrete may deteriorate due to the expansive action of ice, 
reflecting as internal micro-cracks and/or scaling of surface matter. Air entraining agents (AEAs) have been 
used conventionally to protect susceptible concrete. AEAs retain an array of air bubbles in the concrete matrix, 
providing pressure-relieving mechanism to mitigate ice-induced tensile stresses. Previous studies identified 
the critical spacing factor i.e. minimum spacing between entrained air voids as the most important parameter 
in frost resistant concrete. However, factors including progressive cement hydration, nature of hydration 
products and handling of fresh concrete can destabilize the entrained air network. This study investigated the 
prospect of using porous lightweight aggregates to mitigate freeze-thaw degradation in concrete.  
Concrete specimens were formulated with quartzite or manufactured lightweight aggregates. Two cement 
types, CEM I and slag-limestone ternary cement were evaluated. Fresh state properties including air content, 
density and flow table diameter were evaluated, while compressive strengths were determined on the 
hardened concrete. Permeability of the samples were assessed in terms of the apparent sorptivity co-efficient. 
Subsequently, test specimens were subjected to freeze-thaw conditions in deionized water using a modified 
capillary suction, internal damage and freeze-thaw (CIF) test method. Relative dynamic modulus, water uptake 
and the mass of scaled matter were measured regularly to ascertain the extent of freeze-thaw damage. The 
results indicate significantly improved internal damage resistance in the lightweight concrete. In contrast to the 
normal weight quartzite mixes, the cement type played a secondary role with respect to internal damage and 
surface scaling. This demonstrates the viability of lightweight aggregates as reliable alternative to AEAs. 
 
1. INTRODUCTION 
Degradation of concrete due to cyclic freezing and 
thawing presents a major durability challenge in 
cold climates. When in contact with water, capillary 
pores in concrete may become saturated and at 
freezing temperatures, the expansive ice induces 
tensile stresses on the pore walls. Above critical 
saturation, of ~ 91 % [1-3], freezing of the pore water 
causes deterioration since the increased volume 
due to ice formation can no longer be 
accommodated. Such deterioration may manifest 
as internal structural damage or surface scaling. 
The underlining mechanisms for these are often 
treated independently [1, 4]. Recent studies [5, 6] 
show that, deicing salt is not a precursor for surface 
scaling contrary to suggestions elsewhere [7, 8]. 
Microstructural effects involving phase assemblage 
and pore structure modifications have been 
espoused. 
Nevertheless, incorporation of air entraining agents 
(AEA) significantly improves resistance to both 
surface scaling and internal damage [4, 9, 10]. In 
AEA concrete purposely incorporated air bubbles, 
stabilized in the hardened concrete matrix, provide 
a pressure relieving mechanism upon freezing [2]. 
Unlike entrapped air, the distribution of voids in AEA 
concrete is more homogenous with consistent size 
ranges. To effectively relieve pressures caused by 
ice formation in confined pores, a range of air void 
spacing factors for different water to cement (w/c) 
ratios have been reported [1, 3]. A spacing factor 
below 200 µm factor was recommended. However, 
the AEA dosage does not necessarily correlate with 
the spacing factors [11]. Meanwhile, instability of 
AEA bubbles as a function of composition and 
handling is also recognized.  
Limited data on freeze-thaw resistance of 
lightweight aggregate concrete is reported. Mao and 
Ayuta [12] found improved resistance but these low-
density aggregates were less effective. 
Kucharczyková et al. [13] reported similar findings. 
However, efficiency of the aggregates diminished 
once they were saturated.  
This study focuses on assessing the freeze-thaw 
resistance of structural Lytag concrete. The 
aggregates comprise evenly dispersed discrete 
cenospheres trapped in an interconnected 
honeycomb matrix. Pores range from nano- to 
micrometer sizes, with a water permeable 
membrane [14]. It is hypothesized that lightweight 
aggregates present a pore network capable of 
relieving stresses from ice-growth in the cement 
matrix. The efficiency of Lytag concretes is 
compared to concrete mixes formulated with normal 
weight, quartzite aggregate.  
 
 
2. MATERIALS AND METHODS 
Table 1 shows the investigated concrete mixes. 
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Table 1. Concrete mix design (kg per m3 of concrete) and fresh concrete properties 
Mix ID CEM
I 
GGB
S 
Limest
one 
Effecti
ve 
water 
Aggregates Plasticis
er 
Densit
y 
(kg/m3
) 
Flow 
dia. 
(mm) 
Air 
content, 
%  Fine Coars
e 
 
C - NW 320.
3 
  160.2 648.
1 
1181.5 6.4 2370 460 1.1 
C - LW 320.
3 
  160.2 116.
7 
340.3 6.4 1680 580 5.6 
T - NW 163.
9 
121.
8 
27.4 160.2 644.
5 
1175.2 6.4 2360 440 1.3 
T - LW 163.
9 
121.
8 
27.4 160.2 116.
7 
340.3 6.4 1650 540 6.0 
Density 
(NW / 
3120 2930 2720 1000 2610 
/  
2570 /  1060    
LW), kg/m3     470 740     
Note:  The SO3 content in the T- mixes was raised to 3 %. Water absorption for NW and LW aggregates were 
2 and 15 % respectively. 
 
These were prepared from CEM I 52.5 R and slag-
limestone ternary blend, herein designated C and T. 
Normal weight (NW) and lightweight (LW) 
aggregate concrete were examined. In the 
lightweight concrete, both the fine and coarse 
aggregates were replaced.  
The fine aggregate was expanded clay (by Leca® 
UK) and the coarse aggregate, 10 mm Lytag (by 
Aggregate UK). The concrete mix design was based 
on the yield method, taking into account relative 
densities of all constituent materials. The w/c ratio 
was maintained at 0.5 and the fine to coarse 
aggregate ratio was 0.54. Moisture absorption by 
the aggregates was accounted in the mix design. 
Additionally, a high range water reducing admixture 
was added for comparable workability.  
Concrete sample preparation was based on BS EN 
12390:2. Assessed fresh state properties were 
density, air content (using an 8-litre test container 
according to BS EN 12350-7:2009) and flow table 
test. In measuring the density and air contents, full 
compaction of the concrete was achieved on a 
vibrating table. Reasonable care was taken to avoid 
over-vibration.  For calculating the fresh air content, 
the aggregate correction factor was not determined 
and hence assumed nil. Specimens were kept in the 
mould for 24 hours before de-moulding and 
samples immediately stored in water for 7 days. 
Conditioning was based on PD CEN/TR 
15177:2006. 
Capillary suction was performed after conditioning 
at 65 % relative humidity and 20 ◦C for 21 days. 
Prior to this, the 150 mm cubes were cut into halves. 
Three samples per mix were tested for capillary 
water absorption using the surface cast against 
PTFE sheet as test surface. The lateral sides were 
sealed in epoxy resin. The test surfaces were 
placed on 5 mm high stainless spacers in a test 
container. The container was filled with deionized 
water with the test surface 5 mm under water. The 
mass change due to suction was recorded regularly 
for the first 64 minutes using an electronic balance 
with 0.1g reading accuracy. Apparent sorptivity was 
taken as the slope of the mass of absorbed water 
versus square-root of time plot. 
The CIF method according to PD CEN/TR 15177: 
2006 was used for freeze-thaw resistance testing in 
deionized water after saturating the samples by 
capillarity for 7 days. Internal structural damage, 
sample mass change and the scaled matter were 
measured at regular intervals up to 56 freeze-thaw 
cycles. The temperature versus time profile used in 
the present study, however, differed from the 
prescribed profile for CIF in terms of the freezing 
and thawing rate. A complete freezing and thawing 
cycle took 24 hours cycles as opposed to the 12 
hour cycle in PD CEN/TR 15177: 2006. 
The scaled mass was collected at regular intervals, 
then dried at 40 °C to constant mass. The deviation 
from the prescribed 110±10°C drying temperature 
was to preserve all phase assemblages in the 
specimen, particularly ettringite and the 
carboaluminate phases. Internal structural damage 
was determined based on regular measurement of 
the transit time using a Proceq Pundit Lab+ 
ultrasonic pulse velocity kit as prescribed. 
3. RESULTS AND DISCUSSION 
 
Fresh state properties of the mixes are shown in 
Table 1. Lightweight aggregate mixes were more 
workable, irrespective of binder type. This is due to 
the additional water added to account for absorption 
by the lightweight aggregates. Approximately 70% 
of the pores in such aggregates may be saturated 
instantaneously [14]. Thus, excess free water was 
available to lubricate the particles. One would 
expect increased workability in the blended cement. 
However, partial replacement of CEM I with more 
finely ground slag counteracted this. The lightweight 
mixes conformed to density class D1.8 (EN 
206:2013); representing 30% reduction in density 
compared to the normal weight mixes. 
Air content of the fresh concrete is an important 
parameter for freeze-thaw resistance [1, 2, 7]. The 
lightweight concrete mixes showed higher total air 
content being comparable to the reported ranges in 
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AEA concrete [9, 11]. The porous aggregates, 
rather than the additional water for absorption by the 
aggregates seems the most plausible explanation. 
The interfacial transition zone (ITZ) formed with the 
Lytag can be heterogeneous [14] but remain 
permeable. This implies exchange of matter (i.e. ice, 
water or vapour) with the paste phase can be 
sustained at longer saturation times.  
Figure 1 shows 28d compressive strength of the 
samples, revealing an approximately 30 % 
reduction in strength for the lightweight mixes. The 
extent of strength reduction was independent of the 
cement type, highlighting the significance of density 
on strength. The trends are also consistent with the 
air content measured in the fresh concrete (Table 1). 
Observation of the specimens at the end of the 
strength test revealed cracks through the 
lightweight aggregates governed the failure mode 
as opposed to through the paste matrix, as noted in 
the normal weight concrete. The potential for 
internal curing in lightweight concrete would be 
expected to promote further hydration. However, 
such benefits may be long term since excess free-
water is already present at 0.5 w/c ratio. 
 
 
Figure 1. Effect of aggregate type compressive 
strength of concrete at 28d  
 
Figure 2 shows the capillary water absorption 
results during the first hour of saturation. The 
absorbed water volume is typical of air entrained 
concrete [10]. The lightweight mixes showed 
greater water sorption compared to the normal 
weight blends, indicative of greater porosity. This is 
consistent with the trend observed in the air content 
presented in Table 1. Consequently, it can be 
ascribed that water-filled pores herein were 
dominated by the lightweight aggregates. The 
apparent sorptivity co-efficient, taken as slope of the 
absorption versus square root of time plot, confirms 
greater water permeability amongst the lightweight 
concrete samples. The effect of the cement type 
was also apparent. For a given aggregate, the 
ternary cement concrete showed reduced sorptivity 
compared to the CEM I mix, indicative of lower 
permeability. This may seem inconsistent with the 
compressive strength data in Figure 1, where the 
effect of cement type was negligible. However, one 
must recognize that, the aggregate type, rather than 
the paste, governed failure under compression. In 
relation to freeze-thaw resistance, greater sorptivity 
has two implications: above critical saturation, 
damage may be accelerated in a similar fashion to 
entrained air voids [10]. Meanwhile, once under-
saturated, they serve as pressure relieving centres, 
leading to improved resistance.  
Freezing of capillary water is not congruent. The 
range of pores within which freezing take place 
depends on saturation degree, pore size, pore fluid 
composition and temperature [1, 15]. The pore size 
is important because it determines whether water is 
adsorbed to pore wall and hence unfreezable or 
vice versa. The water absorbed during freeze-thaw 
exposure provides a basis on which to quantify the 
degree of saturation.  
 
 
 
Figure 2. Effect of aggregate type on water 
absorption of concrete samples in the first hour of 
capillary suction, showing apparent sorptivity 
coefficient. 
 
The mass loss due to drying after the 21d 
conditioning was used as indicative capillary pore 
volume, which may be re-saturated by capillary 
suction and during freeze-thaw. The degree of 
saturation, S, was thus determined as the ratio of 
absorbed water to this pore volume. Figure 3 shows 
the results as a function of the cement and 
aggregate types. Up to 30% saturation occurred 
within the first hour of capillary suction and 50% 
after 7 days. This suggests the equilibration resulted 
in drying of pores with smaller hydraulic radius 
(either in the aggregate or paste). These saturate at 
a slower rate compared to the bulk meso to macro-
sized capillary pores [15]. The time to reach critical 
saturation (i.e. 91%) is shown in Figure 3. Although 
a higher water absorption rate was observed in the 
LW aggregate concrete (Figure 2), they were clearly 
under-saturated even after 56 cycles. At the end of 
the test, the degree of saturation was approximately 
70% and 80% in the CEM I and ternary concrete 
respectively. This indicates that, the initial saturation 
(see Figure 2) affected the test surface rather than 
the bulk concrete. Meanwhile, the normal weight 
concrete mixes were over-saturated confirming 
greater susceptibility in the ternary mix [5]. An 
accelerated moisture uptake accompanied the 
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critical saturation (see Figure 3), suggesting uptake 
through additionally formed micro-cracks. 
Internal damage and surface scaling results are 
presented in Figure 4. The normal weight aggregate 
samples already exceeded the 80% failure limit 
before 56 FT cycles, occurring sooner in the ternary 
samples. 
 
Figure 3. Degree of saturation of concrete as a 
function of the type of cement and aggregate 
 
No internal damage was observed in the LW mixes, 
consistent with other studies on lightweight concrete 
[12, 13].  
 
Figure 4. Effect of aggregate type on internal 
damage (RDME) and surface scaling of concrete  
 
Onset of internal damage coincided with critical 
saturation (Figure 3). Consequently, saturation 
seems to be the most important factor controlling 
internal damage. The results clearly demonstrate 
lightweight aggregates are effective in this regard. 
As pointed out already, these contain various sized 
pores which may be under-saturated even after 
prolonged exposures [14], preserving the matrix 
during freezing. The extent of under-saturation 
however, reduced with increasing cycles (Figure 3). 
This is explained by localized saturation and hence, 
cracking can be envisaged a longer FT cycles.    
Nevertheless, surface scaling evolved in all mixes 
(Figure 4). The effect of aggregate type was 
negligible. Consistently, the ternary mix showed 
greater susceptibility to scaling. This underscores 
importance of the microstructure on surface scaling. 
With the scaled matter essentially cement paste (on 
the surface); their condition at the time of 
commencing perhaps dictated resistance. In all 
mixes however, scaling was delayed until about 30 
cycles, again deviating from internal damage. 
Consequently, the progress of internal damage may 
equally influence the surface scaling.  
 
4. CONCLUSIONS 
The effects of lightweight and normal weight 
aggregates on freeze-thaw resistance of concrete 
have been investigated. For the same mix design, 
the lightweight aggregate concrete showed greater 
apparent sorptivity and lower compressive strength. 
However, they remained under-saturated 
throughout the 56 freeze-thaw cycles. This 
prevented internal damage. Despite this, scaling still 
occurred with comparable magnitudes as normal 
weight concrete. These findings represent an 
important step in understanding the relationship 
between microstructure and freeze-thaw resistance 
of concrete.  
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ABSTRACT 
 
 
Sorption induced deformations, attributed to changes in moisture content, in cementitious materials potentially 
contribute towards degradation and failure. Majority of the moisture movement is governed by calcium-silicate-
hydrate (C-S-H), which is the binding matrix in cement-based materials. Hence, investigation of sorption 
response of C-S-H and the associated microstructural changes is imperative for durability assessments. In this 
regard, representative C-S-H samples were synthesized at 20 and 55 ℃ using white cement and silica fume 
with high water to cement ratio of 0.7. Characterization techniques such as SEM, MIP, XRD, and TGA were 
employed to evaluate various attributes including microstructure, pore size distribution, quantification of the 
phases, and content of portlandite, respectively. Hardened cement pastes were subjected to short-term water 
sorption cycles using dynamic vapor sorption technique. Thereafter, the samples were compared for their pore 
size distribution, overall moisture content and specific surface area.    
 
 
 
1. INTRODUCTION 
 
The cyclic changes in the water content of 
cementitious materials induce moisture movement, 
which is generally attributed to capillary suction, 
condensation, and gradient density of water vapor 
among others. Owing to strong capillary pressure 
on pore walls shrinkage (during drying) or swelling 
(during wetting) occurs, which damages the 
microstructure of cementitious materials. 
 
Calcium silicate hydrate (C-S-H) is the main binding 
phase of hardened cement paste (hcp) which 
governs most of the moisture movement. The pore 
space of hcp is composed of capillary pores ( ̴ 5-50 
nm), gel pores ( ̴ 2-5 nm), and interlayer water (<0.5 
nm). Recently, 1H NMR spectroscopy was 
employed to successfully classify the RH range in 
which a particular type of porosity is affected, by 
probing the desorption isotherm(Gajewicz, Gartner, 
et al. 2016). It was observed that capillary pores are 
affected in the RH range of 99-85 %, whereas gel 
pores and interlayer pores need 85-25 % and below 
25 % RH, respectively.  
 
Investigating moisture response (drying/wetting) of 
C-S-H is often challenging owing to its colloidal 
nature. 1H NMR, small angle X-ray scattering and 
capturing nitrogen and water vapor sorption 
isotherms (WVSI) are few techniques that facilitate 
comprehension of the microstructural changes 
during sorption (Juenger and Jennings 2001, 
Adolphs 2005, Baroghel-Bouny 2007, Muller, 
Scrivener, et al. 2013, J).  
 
In this experimental investigation, WVSI technique 
was used to investigate the moisture response in 
the representative sample with a dominant C-S-H 
phase. WVSI establishes the relationship between 
the equilibrium water content of the cementitious 
material and relative humidity, at a given 
temperature. The individual sorption isotherm can 
be divided into adsorption and desorption branches. 
As the process is not perfectly reversible, the 
branches do not follow the same path and 
hysteresis is observed. Ink bottle, the difference 
between the liquid-vapor interface curvature, and 
varying solid-liquid contact angle are some of the 
reasons that have been attributed to the origin of 
hysteresis. Additionally, the shape of the hysteresis 
is governed by the type of pores present in the 
sample. 
 
WVSI has several advantages such as (i) the 
smaller diameter (0.28 nm) of water molecule, 
which allows it to enter the smaller pores as 
compared to nitrogen or argon (conventional gas 
sorption techniques); (ii) moisture sorption cycles 
are recorded at room temperature; and (iii) owing to 
the polar nature of the water molecule, it can interact 
with the adsorbate. Sorption of water is governed by 
several competing factors which include dipole 
polarization effects arising from surface charges, 
surface-water interaction mechanisms, hydrogen 
bonding between water and oxygen or hydroxyl ions, 
Van der Waals forces, and hydration of ions residing 
at or near surfaces. Using a combination of 
models/approaches could help to elucidate the 
moisture sorption isotherms, especially with respect 
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to the internal pore surface. Other parameters 
obtained from such models can provide crucial 
inputs toward solving the diffusion equation for 
drying and wetting of concrete and methane release 
among others.  
 
The aim of this study is to capture the short-term 
WVSI of the samples cured at different 
temperatures. Characterization of these WVSIs 
facilitated a comparison of the morphology of the 
two samples for differences arising due to different 
curing temperature and the first drying cycle. 
 
2. Experimental method 
 
2.1 Materials  
 
White clinker was obtained from Aalborg Portland, 
Denmark. The composition of the anhydrous 
powder is C3S (65.3%), C2S (28.8%), C3A (1.9%), 
CH (2.51%) with the rest of the phases contributing 
less than 1% (by weight). The clinker was subjected 
to grinding until d50 and d90 values of 5 µm and 18 
µm, respectively, were obtained. Condensed silica 
fume (SF; 10 wt.%)  was obtained from ELKEM and 
used for its high pozzolanic activity. Table 1 
corresponds to the XRF analysis of the clinker and 
SF used in this study. Hemihydrate (HH) was used 
to prevent flash setting. 
 
Table 1: Chemical composition of white cement and 
silica fume as determined by X-ray fluorescence 
elemental analysis  
 
 
 
Finely ground white clinker, 5.5% HH, and 10% SF 
were mixed with water to attain a w/b of 0.7. 
Thereafter, this slurry was intensively mixed by 
using Ultra-turrax® at 24000 rpm for 90s and at 
lower speeds (8000-12000 rpm) for 30 s to achieve 
homogenization.  
Finally, this homogenized mixture was transferred 
to different vials (4 cm X 7 cm) corresponding to the 
two temperatures of 20 and 55 ℃ and were cured in 
water. After a few hours, the samples were 
inspected for any signs of bleeding that could occur 
owing to higher w/b ratio. No bleeding was observed 
in the samples, which could be attributed to the high 
surface area of SF. 
 
2.2 Methods 
 
For X-ray diffraction analysis and Rietveld 
refinement, fresh discs of 3 mm thickness were cut 
from the sealed cylinders after 90 days.  
Bruker D8 Advance (θ-2θ configuration) with 
monochromatic CuKα radiation (λ = 1.54059 Å) and 
a step-size of approximately 0.02° was used to 
acquire data in the range of 5° to 70° (2θ). To 
calculate the degree of hydration of clinker phases 
Rietveld refinement was performed with Topas 
software using quartz as the external standard.  
 
Solvent exchange with isopropanol was performed 
on the samples after 90 days. Thin discs of 
thickness ̴ 2 mm were cut from the hardened 
cement cylinders and stored in isopropanol, which 
was replaced after 1 hour and 1 day. After 3 days of 
isopropanol immersion, the samples were stored in 
desiccators with silica gel beads under vacuum 
conditions to facilitate evaporation of isopropanol. 
The disc was crushed and the resulting powdered 
samples (weighing 30 ± 2 mg) were subjected to 
thermogravimetric analysis (TGA) using a Netzsch 
STA 449 F3‘‘Jupiter” device. Nitrogen purging with 
the heating rate of 20K/min was used during the 
heating and cooling cycle. 
 
Scanning electron microscope (SEM) images were 
acquired using FEI Quanta 200 coupled with a 
Bruker XFlash 4030 EDS detector. 2 mm thick disc 
(solvent exchanged) was impregnated with epoxy 
resin under vacuum condition in a mold. The 
samples were de-molded the next day and 
subsequently polished down to 1 μm using diamond 
spray and petrol-based lubricant.  
  
Mercury intrusion porosimetry (MIP) was used to 
investigate the pore size distribution for these 
samples. Crushed samples (after solvent exchange) 
were investigated up to a maximal pressure of 
400 MPa using a Pascal 140/440 Porosimeter 
(Thermo Scientific). Washburn equation was used 
to calculate the cumulative pore volume, by taking 
the contact angle and the surface tension of 
mercury to be 140° and 0.48 N/m, respectively. 
 
Moisture sorption isotherms were recorded using 
dynamic vapor sorption (DVS) technique by 
employing DVS Adventure from 
Surface Measurement Systems: Fresh samples 
were used for DVS measurements (no solvent 
exchange). Sample weighing ̴ 30 mg were crushed 
and subjected to 98 % RH, followed by step-wise 
data acquisition from 98 % to 3 % with a step size 
of 5%. This process was used to acquire the first 
desorption cycle and the adsorption isotherm was 
obtained by reversing the RH steps. Mass 
equilibrium was identified as the point at which the 
percent mass change per unit time (dm/dt) was less 
than 0.0025mg/10min, or if the time at a given RH 
step exceeded 360 min. 
 
3. Results and Discussion 
 
Pozzolanic SF facilitated in converting the 
portlandite into C-S-H. TGA and XRD were used to 
calculate the amount of portlandite and degree of 
hydration of clinker phases, respectively, in the 
samples cured at different temperature for 90 days. 
Amount of portlandite in the sample cured at 20℃ 
was found to be 9-12g/100g, whereas for the 
SiO2 Al2O3 MnO Fe2O3 CaO MgO K2O Na2O SO3 Total
25,25 2,07 0,01 0,13 69,91 0,64 0,15 0,22 0,19 99,48
96,19 0.19 0.01 0 0.23 0.45 0.8 0.16 0 99.1
Chemical 
content
weight % clinker
weight % SF
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sample cured at 55℃ a low value of 4-6g/100g 
cement was observed. Degree of hydration for the 
samples was estimated by Rietveld refinement and 
found to be roughly 87% and 93% for samples cured 
at 20℃ and 55℃ after 90 days, respectively. 
  
Figure 1 corresponds to the SEM image of the 
microstructure of hcp cured at 55 ℃ for 90 days. The 
image reveals satisfactory homogenization of the 
raw materials (as SF tends to agglomerate) along 
with the presence of Headly grains.  
 
 
 
Figure 1. SEM image of the sample cured for 90 
days at 55 ℃ with 10% SF. 
 
MIP technique was employed to compare the 
intruded volume and the pore size distribution of the 
samples cured at 20 and 55 ℃. It was observed that 
the total intruded volume was more for the sample 
cured at 55 ℃, whereas the characteristic diameter 
for mercury penetration was almost same (60-70 
nm) for both the samples. 
 
 
Figure 2. Pore size distribution for the samples from 
MIP analysis cured at 20 and 55 ℃. 
 
Furthermore, the volume of the accessible mercury 
in the range of fine pores (4 to 10 nm) was higher in 
the samples cured at 20℃ suggesting higher gel 
porosity. However, capillary porosity was higher for 
the samples cured at a higher temperature. 
Nevertheless, we concede that MIP is not sufficient 
to provide insights into the absolute total pore 
volume or pore size distribution (especially in the 
range of gel pores). However, satisfactory capillary 
pore size distribution can be obtained using this 
technique. 
                                           
Short-term sorption isotherms were recorded using 
DVS for the samples cured at two different 
temperatures after 90 days of curing.  Figure 3 
shows the first two sorption cycle for the samples 
cured at 55℃. The overall moisture content of the 
samples cured at 20℃ (not shown here) was higher 
than that of the samples cured at 55 ℃. The sorption 
isotherms were investigated using the BJH model to 
obtain the pore size distribution. 
 
  
Figure 3.  First two desorption cycle corresponding 
to samples cured at 55 ℃ 
 
The model was applied to both desorption and 
adsorption branches of the first cycle.  The 
distribution obtained from desorption isotherm 
elucidates pore necks diameters whereas that from 
adsorption corresponds to pore diameters. The BJH 
model is based on the following assumptions: (1) 
pores are cylindrical, and (2) amount of adsorbate 
in equilibrium is retained by the adsorbent with two 
mechanisms 
       a) Physical adsorption on walls  
       b) Capillary condensation in the inner capillary 
volume to evaluate the pore size distribution and 
thickness of the adsorbed layer as a function of 
relative humidity. 
 
Figure 4 shows the pore size distribution obtained 
from BJH analysis using both branches for the 
samples cured at 20 and 55 ℃ for 90 days. It was 
observed that the gel water content decreases as 
the curing temperature of the samples increases. 
Notably, using the BJH model for desorption 
isotherm may produce a peak at pore width ̴ 3.4 nm 
which is attributed to the tensile strength effect. It 
arises as a macroscopic meniscus cannot exist 
beyond mechanical stability and this causes 
spontaneous evaporation of the pore liquid resulting 
in this artificial step. Additionally, the first and 
1 10 100 1000 10000
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second cycles were observed to be almost 
comparable except in capillary pore domain of RH, 
which suggests that the first drying cycle did not 
cause any irreversible changes 
 
Figure 4. Pore size distribution from BJH adsorption 
and desorption branch for the sample cured at (a) 
20 and (b) 55 ℃ for 90 days. 
 
From the shape of the hysteresis, it could be 
concluded that the samples cured at 55 ℃ comprise 
mostly of slit pores whereas cylindrical and 
spherical pores are prominent in samples cured at 
20 ℃. H3 type of hysteresis, according to the 
classification provided by IUPAC was found in both 
the samples. 
 
BET surface area was estimated using the 
adsorption branch in the RH range of 5 % to 35 %.  
The BET surface area of samples cured at 20 ℃ 
was calculated to be 156 m2/g whereas for the 
sample cured at 55 ℃ a value of 110 m2/g was 
obtained. 
 
4. Conclusion 
 
Samples cured at 20 and 55 ℃ with C-S-H as the 
dominant phase were investigated using WVSI. 
Several characterization techniques were employed 
to consider the samples as a satisfactory starting 
point, which includes sufficient homogenization, 
degree of hydration, and lower portlandite content, 
among others. Short term BJH analysis facilitated in 
revealing the pore size distribution of the samples 
cured at different temperatures. It could be 
concluded that gel porosity decreases as the 
temperature increases. The first drying cycle did not 
induce irreversible changes. The BET surface area 
of the samples cured at 20 ℃ is higher than for the 
samples cured at 55 ℃. Finally, it could be 
concluded that capturing WVSI is a useful technique 
to analyze the influence of curing temperature, 
drying cycle and moisture response of the samples. 
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ABSTRACT 
 
Knowledge of the microstructure of hydrated cement paste is essential for forecasting its performance. The 
main phase responsible for transport properties in a hydrated cement is the C-S-H. Thus, in order to study the 
C-S-H it is necessary to isolate this phase. Reactive belite recently developed by Link et al. has several 
advantages in comparison to traditional OPC, making it easier to study C-S-H in a real microstructure. For the 
same degree of hydration, the reactive belite will form more C-S-H and less Ca(OH)2 compared to OPC. This 
results in a microstructure composed almost entirely of C-S-H. Additionally, the reactive belite is far more 
reactive than the traditional OPC-belite, achieving full hydration of its reactive constituents after the first 7 days 
of reaction. First research activities focused on successfully synthesizing the alternative belite binder with high 
hydraulic activity. Subsequent hydration studies were performed on pastes with different water-to-binder ratios 
as well as with different contents of reactive silica. The changes in the chemical composition of the C-S-H 
together with the variations in the portlandite content were observed and quantified. Additionally, porosity 
measurements were performed for all systems. The hydration processes were systematically followed by 
isothermal calorimetry, X-ray diffraction and scanning electron microscopy (SEM). The tendency of these 
alternative belite-binders to form a rich C-S-H matrix allowed us to study the effect of C-S-H chemical 
composition on its morphology, its ionic ad- and ab-sorption capacities and on its resulting pores distribution 
(gel and capillary pores) necessary to understand the transport properties. 
 
 
1. INTRODUCTION 
 
Nowadays, cement industry delivers the most used 
man-made material on the planet (John, Matschei, 
and Stephan 2018). Ordinary Portland cement 
(OPC) is an artificial material worldwide produced 
from locally available resources including limestone, 
clay, gypsum and other materials. In spite of its high 
usage, there are still open questions regarding its 
performance at different ages. Cement is a 
multicomponent system that evolves from the 
moment it is mixed with water. The main hydrated 
product in a cement paste is a gel-like phase termed 
calcium-silicate-hydrate (C-S-H). There is a general 
agreement that the C-S-H is the only percolating 
phase in hydrated cementitious systems. This 
means that the properties of C-S-H dictate some of 
the most important macroscopic properties in a 
hydrated cement matrix such as mechanical 
properties, transport properties and implicitly 
durability related issues (corrosion resistance). 
C-S-H is a poorly ordered phase. As a result, 
characterization techniques such as XRD cannot 
reveal much information about its crystallinity. The 
structure of C-S-H has been associated with that of 
the natural mineral tobermorite, having layers of 
calcium and oxygen with silicate tetrahedra 
attached and interrupted by water and further 
calcium ions (Jennings 2000). Due to the 
importance of C–S–H as the binding phase of 
Portland cement, it has been extensively studied 
over many decades. For investigation purposes,    
C-S-H can be obtained either by precipitation from 
chemical reactants in solution or by hydrating 
Portland clinker, Portland cement or alite. Generally, 
the resulted hydrated systems were studied all 
together and the C-S-H characteristics were 
separated from those of the other hydrates.  
An effective way to study C-S-H without influences 
from other hydrate phases can be to consider the 
hydration of the reactive belite binder developed by 
Link et al. (Link 2017). -C2SH was obtained by 
hydrothermal method and it was further thermally 
activated to obtain a binder containing an X-ray 
amorphous calcium silicate phase with a Ca/Si ratio 
of 2, x-C2S, -C2S, -C2S and dellaite, in various 
proportions depending on the processing 
parameters. Upon mixing with water, the X-ray 
amorphous phase is the first to react with water. The 
hydration of x-C2S follows afterwards and then that 
of -C2S. -C2S is a very slow reactive phase. 
Hydration of blends of reactive belite binder and 
reactive silica results in changes in the C-S-H 
microstructure. Link observed that the morphology 
of the C-S-H was changed from a predominantly 
needle-like structure to a predominantly foil-like 
structure (Link 2017). This is in agreement with 
other studies that focused on establishing a 
relationship between the Ca/Si ratio of the C-S-H 
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and the developed microstructure. Richardson 
reported that in a cement paste, two types of 
hydrates can be identified: an ‘inner product’ (Ip) C-
S-H of homogeneous globular morphology and an 
outer product with two distinct morphologies a 
fibrillar-like structure and a foil-like structure that 
appear to correlate with the C/S ratio (Richardson 
2004). 
Processes such as chloride ingress, sulfate attack, 
carbonation or calcium leaching can cause 
irreversible changes in the hydrated matrix and thus 
affect the overall performance of concrete (Angst et 
al. 2009). Chloride induced corrosion, as the major 
cause for degradation of reinforced concrete has 
been the subject of extensive research over the past 
decades. Reinforcing steel corrosion is mainly 
induced by the ingress of chlorides upon exposure 
to seawater or deicing salts. Zhnag reported that 
blended cements where the Ca/Si ratio is lower than 
that of OPC have a better behavior when it comes 
to chloride penetration (Zhang et al. 2017). Studies 
made by Moffatt (Moffatt and Thomas 2018) 
showed that the addition of SCMs such as fly ash 
and silica fume can greatly decrease the 
penetration of chloride in concrete in comparison to 
OPC. 
So far, no chemical interaction has been reported 
between chloride ions and C-S-H in cement. 
However, since C-S-H is the major phase in a 
hydrated cement matrix, a better understanding of 
the chloride binding in C-S-H is highly desirable. 
This can lead to improved retention of chloride and 
thus lowering the chloride ingress. 
 
2. EXPERIMENTAL 
 
The starting material used in this study is an 
industrially synthesized -C2SH, with a purity of     
92 % as determined by QXRD. -C2SH was 
synthesized via the hydrothermal route. A mixture of 
calcium hydroxide, reactive silica and 5% α-C2SH 
seeds was used to prepare a paste with a water-to-
solid ratio of 2. The molar ratio of CaO/SiO2 was 2.0. 
The mixture was autoclaved at 190 °C for 16 hours. 
The resulted material was then dried at 105 °C for 
24 hours. The chemical composition of the 
synthesized -C2SH was determined by XRF and is 
given in Table 1. 
After drying, the -C2SH was mechanically 
activated by grinding for 3 minutes using a disk-mill 
and then thermally activated at 460 °C for either 1 
or 2 hours. The annealed binder was rapidly cooled 
down in air and soft ground for 1 minute. Pastes 
were prepared using water-to-binder ratios of 0.35, 
0.4, 0.5 and 0.8, mixed at high speeds and at a high 
shearing rate. Hydrate characteristics were 
observed at different ages (1, 3, 7, 14 and 28 days) 
by stopping the hydration reaction using the solvent 
exchange technique. One part of the sample was 
sliced in pellets of 3 mm and kept in isopropanol for 
48 hours followed by 30 min in petroleum ether, for 
complete removal of the isopropanol. Subsequently, 
the samples were stored in desiccator for at least   
48 h. Another part of the hydrated sample was 
crushed by hand in a mortar and kept in isopropanol 
for 20 min, then vacuum filtered. After that, the 
crushed sample was flushed twice with petroleum 
ether to remove the isopropanol and also kept in 
desiccator for at least 48 h prior to any analysis. 
 
Table 1. Chemical composition of -C2SH 
determined by XRF analysis 
Oxide Ca
O 
SiO
2 
Mg
O 
K2
O 
Al2
O3 
LOI 
(1050°
C) 
Amou
nt, % 
56.
83 
30.
78 
0.5
3 
0.1
4 
0.0
3 
11.48 
 
Thermogravimetric analysis (TGA) was carried out 
on hydrated powder specimens. The weight loss 
was monitored while heating up a 30-31 mg sample 
from 30 to 1050 °C at 20°C/min. XRD patterns were 
recorded on powder samples with particle size 
below 60 m and Rietveld refinement was used to 
determine the mineralogical composition. Hydration 
kinetics were followed by means of isothermal 
calorimetry on pastes prepared with water-to-binder 
ratio of 0.8. Heat flow was measured for 7 days 
under isothermal conditions at 20°C. 
Scanning electron microscopy (SEM) images were 
acquired in secondary electrons mode and used to 
observe the morphology of the hydrates. In order to 
determine the Ca/Si ratio of the C-S-H and the 
homogeneity of the elements in the hydrates, SEM 
images were acquired in back-scattered electron 
(BSE) mode too. Both freshly fractured surfaces as 
well as thin pellets from the hydrated samples 
embedded in epoxy resin were used for SEM data 
acquisition. All TGA, QXRD and SEM 
measurements were carried out on hydrated 
specimens after 1, 3, 7, 14 and 28 days of hydration. 
Additionally, MIP measurements were carried out 
on fractions between 0.1 mm and 0.2 mm from 
hydrated specimens cast with w/b ratios of 0.35, 0.4, 
0.5 and 0.8 at 14 or 28 days of hydration. BET 
specific surface was determined by nitrogen 
absorption for the binder powder after annealing at 
460 °C for 1 hour. 
 
3. RESULTS AND DISCUSSION 
 
Quantitative XRD (QXRD) was used to determine 
the purity for the -C2SH (Figure. 1 a). Apart from 
91.95% -C2SH, small amounts of calcite, scawtite 
and portlandite were also detected.  
An optimum annealing step is essential for obtaining 
a highly reactive dicalcium silicate binder. In order 
to achieve this, all water should be entirely removed 
from the structure and a full conversion of -C2SH 
into amorphous and x-C2S phase has to take place 
during the annealing step.  
QXRD results carried out after the annealing step 
show a maximum content of these aforementioned 
phases of 81 % (Figure 1 b), with the main phase 
being the amorphous one with over 60%. An 
unhydrated binder with such a high amorphous 
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content, makes the quantification of hydration 
degree difficult. The only phase whose consumption 
over time can be determined is x-C2S. However, an 
approximate degree of hydration can be determined 
considering that x-C2S starts to react once the 
amorphous is depleted. 
 
 
a 
 
b 
Figure 1. Chemical composition of -C2SH (a) 
and of dicalcium silicate binder (b), determined by 
quantitative XRD (QXRD). 
 
Up to 7 days, the heat flow curve, measured by 
isothermal calorimetry shows the main peak of 
hydration occurring in the first 12 hours following 
mixing with water. No second hydration reaction is 
observed up to 7 days. 
The morphology of the -C2SH and of the binder 
and the particles sizes were evaluated by means of 
SEM images. The -C2SH particles were found to 
be small in size (< 10 m) with plate-like aspect, 
different shapes and different dimension ratios (due 
to grinding). The materials before and after 
annealing have similar morphology, proving that 
removing the water from the structure did not 
change the microstructure. BSE images collected 
from powder samples hydrated for 1 day at water-
to-binder ratio 0.5 indicate a hydrate network 
formed from elongated particles with needle-like 
aspect of different lengths and mostly intergrown 
(Figure 2). 
The microstructure of the hydrated binder was 
observed under SEM in BSE mode. The light areas 
represent inert impurities particles. Given that the 
material is ground to a d50 < 10 m, we observed a 
high tendency to form denser agglomerates of 
hydrates surrounded by a more porous matrix of 
outer C-S-H. The lack of inner C-S-H is explained 
by the high reactivity of the binder and its rapid 
hydration, combined with the small particle size. 
Having a matrix formed exclusively by outer C-S-H 
(Figure 3) is an advantage over the heterogeneous 
microstructure of OPC, which contains both inner 
and outer C-S-H product, as well as other hydrates 
and unreacted clinker grains. So far, SEM 
investigations indicate that these binders are made 
of small-seized particles. Additionally, BET 
measurements evidenced a surface area of 
approximatively 10 m2/g. These aspects are known 
to lead in practice to high water demands in order to 
achieve proper workability. Indeed, a water-to-
binder ratio of 0.8 was required. However, this 
resulted in a high matrix porosity as observed by 
SEM and MIP. 
 
 
Figure 2. SEM image of hydrated binder prepared 
with a w/b ratio of 0.5 after 1 day hydration (Image 
taken by Emmanuelle Boehm-Courjault at LMC, 
EPFL, CH) 
 
With the aid of a superplasticizer (BASF ACE 30) 
pastes of lower water-to-binder ratios such as 0.5, 
0.4 and 0.35 could be prepared as well. Full 
hydration can be still achieved in these samples 
considering that the stoichiometric amount of water 
necessary for full hydration corresponds to a water-
to-binder ratio of 0.45 and that the amount of 
reactive phases in the dicalcium silicate binders is 
approximatively 80 %. 
 
 
Figure 3. BSE images on polished surface of 14 
days hydrated binder with w/b=0.4 
 
Two effects were noticed when compared the 
pastes cast with different w/b ratios for the same 
hydration age. First, the total porosity quantified by 
MIP decreased to almost half for the paste cast with 
w/b ratio 0.5 compared to the paste cast with w/b 
0.8 (Figure 4). This resulted in a reduction of the 
amount of air voids and capillary pores. The effect 
of w/b ratio on the reduction of gel pores can be 
quantified only by 1H NMR spectroscopy. 
Secondly, TGA clearly indicates differences 
between samples prepared with high and low w/b 
ratios. When comparing systems hydrated with w/b 
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ratios of 0.8, 0.5, 0.4 and 0.35, the following aspects 
could be noticed: 
a) Despite a lower initial water content, when 
decreasing w/b ratio, the total weight loss increases. 
b) The amount of portlandite content in the hydrated 
specimens decreased with lowering w/b ratio and 
for the paste with the lowest w/b ratio (0.35) no 
portlandite effect could be observed on the DTG 
curve. The possibility of portlandite carbonation was 
excluded, as calcite effect is insignificant on the 
DTG curve (Figure 5). 
c) The amount of C-S-H increases with lowering w/b 
ratio. Most likely this can be explained by the fact 
that the more Ca2+ ions are incorporated in the C-S-
H, the more water molecules they can attract and 
retain in hydrated microstructure. The possibility of 
very fine portlandite precipitated in the C-S-H outer 
product is not excluded. The best way to confirm or 
reject the hypothesis of the presence of portlandite 
would be to analyze the systems by means of 1H 
NMR and reveal the different water populations 
found in the microstructure. 
 
 
Figure 4. MIP curves for hydrated pastes prepared 
with different water-to-binder ratios 
 
 
Figure 5. DTG curves for hydrated pastes prepared 
with different water-to-binder ratios 
 
By observing the microstructure of the two systems 
hydrated with the lower w/b ratios, no significant 
portlandite clusters could be observed. As expected, 
the microstructure for the samples prepared with the 
lower w/b ratios is denser compared to the systems 
hydrated with w/b ratio of 0.8 and 0.5. Also, when 
comparing the chemical composition of C-S-H for 
the four systems, an increase of the Ca/Si ratio was 
observed, from 1.67 (in the system with w/b ratio 0.8) 
to almost 2.0 (in the systems with w/b ratio 0.35 and 
0.4). 
 
4. CONCLUSIONS AND PERSPECTIVES 
 
The dicalcium silicate binder hydrates rapidly and 
forms a hydrated system composed mainly of          
C-S-H, without significant amounts of unreacted 
phases nor other hydrates such as portlandite. Thus, 
this material can be considered an excellent 
candidate for obtaining a C-S-H rich microstructure 
suitable for studying the transport properties, the 
influences of additional elements and the changes 
in the C-S-H chemical composition. 
In what follows, to gain more knowledge on the 
transport of chloride ions through the C-S-H matrix, 
two types of tests will be performed. First, the 
chloride binding test in C-S-H will be carried out on 
the neat belite binder considered as reference 
system, to assess the content of bound chloride that 
can be retained in C-S-H structure. Secondly, 
hydrated samples saturated in water will be 
subjected to rapid chloride diffusivity tests 
(migration) to evaluate how free chloride is 
transported through the porous network. 
Thirdly, studying the transport properties as a 
function of the chemistry of the system will be 
carried out by hydrating different mixtures of the 
reactive binder blended with other materials. For 
example, silica will be used to lower the Ca/Si ratio 
in the C-S-H while aluminium and alkali will be 
considered as foreign elements. The properties and 
performances of the modified systems will be 
evaluated by comparison against the neat hydrated 
belite system.  
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ABSTRACT 
 
The use of supplementary cementitious materials has attracted attention in recent years both for their potential 
applications and beneficial cost in the construction industry. Supplementary cementitious materials can be of 
mineral or plant origin. Agricultural waste (agro-waste) is under focus especially in low and middle income 
countries as a source for fuel and also as a construction material. Such use comes either as a stand-alone 
material or as a cement replacement in concrete materials. The wider use of such materials in construction is 
considered as potential sustainable alternatives to Portland cements. This paper discusses the prospective 
use of certain agro-wastes as a partial replacement for cement in concrete mixes and stabilised earth bricks. 
The materials considered in this study have included: corncob, sorghum husk, sorghum stalk, peanut husk 
and sesame stalk ashes. Selected agro-wastes have been incinerated under controlled temperature conditions 
at 500°C and 700°C. The resultant ashes have been characterised using Thermal Gravimetric Analysis (TGA), 
Energy Dispersive X-Ray Analyser (EDX) and X-Ray Diffraction Analysis (XRD) methods. Silica, used as a 
pozzolanic indicator, was found to be present in varying quantities. More tests to verify suitability and determine 
the feasibility of these agro-wastes are currently underway. The paper presents the preliminary results and 
outcomes, and describes proposed methodology for future tests. 
  
 
1.   INTRODUCTION 
 
Producing sustainable materials has been a 
concern ever since the construction industry has 
recognised itself to be one of the largest 
contributors of greenhouse gas (GHG) emissions. 
The construction sector is also one of the largest 
consumers of non-renewable raw materials, and a 
top contributor to energy consumption, GHG 
emissions, and waste flow worldwide (IEA, 2019). In 
developing countries, such as Sudan, the challenge 
to produce sustainable construction materials is 
exacerbated by the cost of materials. In the search 
for cheaper alternatives agricultural wastes, such as 
rice husk and bagasse, have been researched to 
assess their suitability as a cement component in 
concrete (Habeeb and Mahmud, 2010; Chao-Lung, 
Anh-Tuan and Chun-Tsun, 2011; Ahsan and 
Hossain, 2018; Xu et al., 2018) or brick production 
(Sutas, Mana and Pitak, 2012; Shakir et al., 2013). 
These studies proved the potential use of 
agricultural waste as a cementitious material due to 
their pozzolanic nature. For a material to be 
categorized as pozzolanic it should react with 
hydrated lime in the presence of water to produce 
cement hydrates. this reaction is mainly caused by 
amorphous silica, which does not react with other 
compounds until its network is broken by the 
alkaline environment of the cement paste 
(Papatzani, Badogiannis and Paine, 2018). 
Typically pozzolanic materials should have a 
combined content of amorphous silica (SiO2), iron 
oxide and aluminium oxide greater than 70% of total 
mass (Aprianti et al., 2015). 
Agricultural materials are mainly constructed of 
cellulose, hemicellulose and lignin in different 
percentages, with the cellulose and hemicellulose 
occupying up to 80% of the composite (Mlonka-
Mędrala et al., 2019). Burning the wastes of 
agricultural crops results in decomposition of these 
three components, and the elimination of carbon. 
This has potential to , produce a waste product rich 
in amorphous silica. 
Research has shown that different burning and 
cooling temperatures affect the quality and 
composition of the ash. For example, the amount 
and phase of silica, as well as fineness, particle size 
and surface area are affected (Zain et al., 2011). 
These properties in turn affect the reactivity of the 
resultant ash, and hence how quickly a concrete mix 
will gain strength, as well as affecting the other 
green concrete properties (Givi et al., 2010; 
Cordeiro and Kurtis, 2017). 
For the purpose of this study, the waste of the four 
most commonly cultivated plants in Sudan 
(sorghum, corn, peanut and sesame) were selected 
to study their pozzolanic behaviour and potential to 
use them as supplements to cement. 
 
2. Materials 
Materials used in this study were sesame husk, 
sorghum husk and stalk, peanut husk and corncob 
husk ashes. Corncobs were bought from the local 
markets in Bath, UK; all of the other materials were 
imported from Sudan from relevant production sites 
in Algadarif, Portsudan, and Khartoum. 
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2.1 Material Treatment 
Initially agro-waste materials were washed 
thoroughly to remove any residual contaminants 
from harvest or storage. They were then dried in an 
oven at 105°C and weighed regularly until constant 
mass was reached, which indicated all water had 
evaporated. The materials were then ground to fine 
powder using a domestic coffee grinder, and finally 
screened through a 100mm sieve. 
 
3. Results and Discussions 
 
3.1 X-ray Diffraction (XRD) 
XRD test was carried out on the specimens, the 
results are as depicted in Figure 1, the samples 
under study were found to be amorphous. The 
peaks are not well defined, with the X-rays diffracted 
in different directions and at different intensities. 
This is a typical pattern expected for an amorphous 
material with no distinct pattern of atoms (Cullity, 
1978). This result is encouraging to believe that 
silica existing in the material is amorphous among 
other components. 
 
 
Figure 1: X-Ray Diffraction pattern of a corncob 
sample 
 
3.2 Thermogravimetric Analysis (TGA) 
The TGA test was conducted for the five specimens. 
For each material, the test was carried out twice on 
a 25-35mg sample. For the first round, the materials 
were burnt until 500°C, while burning for the second 
round continued up to 700°C. Test was carried out 
to determine the expected mass loss, chemical 
composition and the thermal decomposition of the 
waste. Specimens were burnt in air at a heating rate 
of 10°/min. To preserve the initial amorphous state 
of the samples, the cooling rate was gradual. 
From the TGA, and the derivative thermogravimetric 
(DTG) curves, shown in Figure 2a, it can be seen 
that the results were consistent with the literature. 
The bound water evaporation slightly affected the 
mass loss curve at the start until a temperature of 
160°C. The pyrolysis of the samples was expected 
to go through four stages, starting with the water 
evaporation then continuing to decomposition in the 
order of hemicellulose, cellulose and lignin (Yang et 
al., 2007). Decomposition of the hemicellulose is 
concurrent with the major loss in mass 
(~0.80wt.%/°C) at 240°-320°C. The next small 
convex in the TGA curves between 310°C and 
450°C is coinciding with the decomposition of 
cellulose (Yang et al., 2007). 
 
The mass loss can be seen from the TGA curves 
presented in Figure 2, with the highest loss to reach 
97-98% of mass in peanut husk and corncob. 
Sorghum stalk and sesame stalk showed the 
median loss of 93-96% of mass. The sorghum husk 
showed the least mass loss (89-90% of mass). 
From the curves it is obvious that the difference in 
mass is negligible between 500°C and 700°C, also 
no significant change on the curve occurs, which 
means no significant decomposition is taking place 
in samples after 500°C. 
 
Differential Scanning Calorimetry (DSC) works on 
the principle of measuring the difference in 
temperature between a reference crucible and the 
sample (Lawrence, 2006). As can be observed from 
Figure 2 (b, d, f, h and J) the decomposition of two 
of the material components (hemicellulose and 
lignin) coincided with the DTG curves at 240-320oC, 
and it can be described as an exothermic reaction. 
While the decomposition of the cellulose, resulted in 
a small convex in the DSC curve at 310-450oC, and 
is supposed to be an endothermic reaction (Yang et 
al., 2007) it shows as exothermic. This could be 
attributed to the fact that the material has all three 
components and the results are overlapping, the 
endothermic (negative) curve of hemicellulose 
might be the reason the next exothermic (positive) 
convex is considerably small. 
 
a)  
 
b) 
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Figure 2: TGA-DTG-DSC results: a) Sorghum husk 
TGA-DTG b) Sorghum husk TGA-DSC 
3.3 Energy Dispersive X-Ray Spectroscopy 
(EDX) 
Samples were prepared on a carbon tape and 
tested using Scanning Electron Microscope. The 
equipment used was a Jeol 6480LV SEM, with an 
Oxford instrument X-ACT 10mm2 Si drift detector. 
Both raw and burnt materials were tested; results 
are as presented in Figures 3a and b respectively. 
Specimens were compared with rice husk which 
literature showed as having good potential for 
partially replacing cement. Other elements like Na, 
Mg, Al, P, S and Cl were present on the specimens, 
but they have been omitted from presentation due 
to their very low concentration. 
From Figure 3 it can be seen that burning decreased 
the amount of carbon present. Even so, a large 
amount was present (around 40%); this could be 
attributed to the fact that the specimens were tested 
on a carbon tape. The burnt materials possessed 
relatively high amounts of Si, K and Ca. The highest 
amount of silicon (~20%) was present in the 
sorghum husk, followed by the sorghum husk and 
corn cob in 500oC (~7%). Peanut husk showed very 
small amounts of silicon, whilst sesame hardly 
presented any silicon at all. It is noted that EDX 
shows materials not compounds. As such, this 
present silicon does not confirm conclusively the 
existence of silicon dioxide. 
 
The process of peeling sorghum husk from the stalk 
could be inconvenient for field application. Hence, 
future tests are to be conducted on the sorghum 
stalk and husk as a one entity. 
 
a) 
 
b) 
Figure 3. EDX results a) raw materials b) burnt 
materials in 500°C and 700°C. 
4. Future Work 
The tests discussed in this concept paper were 
conducted to test he potential viability of sorghum 
husk, sesame stalk, peanut husk, and corncob 
ashes as a partial supplement of cement. From the 
preliminary tests the upcoming research is going to 
focus on sorghum husk and stalks, and corncob 
ashes as a cement replacement in concrete. Peanut 
husk and sesame stalk are going to be tested as an 
unburnt material in brick production or insulating 
materials. 
 
From the tests it was found that there was no need 
to burn materials beyond 500oC; this will be the 
target temperature in future work. With the help and 
support of the BRE Chair of Fire Safety Engineering 
located within the University of Edinburgh, the 
materials are to be prepared and burnt. Future tests 
are to be conducted in collaboration with the 
University of Edinburgh, School of Engineering. 
 
Particle size, surface area and fineness are to be 
tested. X-ray fluorescence tests are going to be 
applied to evaluate the presence of silicon dioxide 
and other compounds in the materials. 
 
Samples are going to be prepared in order to test 
the pozzolanicity. Targeted tests include: 
calorimetry, Portlandite consumption and bound 
water. Afterwards samples with lime and cement 
are to be prepared and tested for physical including 
compressive and tensile strengths. 
 
Development of a computer model, using GEM-
Selektor v3.4, a thermodynamic modelling software, 
is planned. After preparing a model, and verifying it 
with the tested samples, other properties of the 
cement paste and concrete are going to be studied, 
such as heat of hydration and reactivity. Sensitivity 
analysis is going to be applied using the model 
regarding the change in the materials percentages 
in the paste. 
 
Future work also includes a Life Cycle Assessment 
(LCA), where the environmental impact of using 
these wastes in concrete production is going to be 
assessed with the aid of OpenLCA software. For 
this step, product category rules are going to be 
collected and studied for the involved products, and 
data quality assessment should be conducted as 
the LCA goes on. Sensitivity analysis is going to be 
performed to see how the change in material 
percentage will affect the mid-point and end-point 
results of the assessment. Cost benefit is also 
planned as the final step of this research. 
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